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ABSTRACT 


This dissertation deals with the prediction of volume 


») 


changes in unsaturated soils. First, the theoretical density and 


a 


compressibility relationships of air-water mixtures are developed, 
Throughout the testing program, experimental evidence was obtained 
which confirms the compressibility equation. 

Four pieces of apparatus were developed to test unsaturated 
soils. Two employed modified Anteus oedometers for one-dimensionai 
conditions, The other two allowed isotropic volume change testing 
conditions in modified triaxial cells. The diffusion of air tirousn 


the water in the high air entry disc was an important desian con- 


“ 


sideration. A new diffused air volume indicator was built to measure 
and correct the water volume change for the diffused air volume chance. 

The unsaturated soil is considered as a four pnase system; 
two solid phases that come to equilibrium under the application of 
stresses (i.e., soil particles and contractile skin) and two fluid 
phases that flow under the application of stresses (i.e., air and © 
water), | 

Each phase is considered as a continuum with an independent 
force equilibrium equation. Two independent stress state tensors are 
extracted from the equilibrium equations, The stress state variables 
are verified experimentally by means of null tests, for soils with 


varying degrees of saturation. They are verified to within 1 part of 


volume change per 10,000 parts of volume, 
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Independent displacement. fields are written for each phase 
of an unsaturated soil. Unifying the deformations is the continuity 
requirement that states that the sum of the volumetric deformations 
of each phase is equal to the volumetric deformation of the overall 
element. | 

A constitutive relationship vn the soil structure and the 
contractile skin is developed. These two equations link the stress and 
deformation state variables and allow the evaluation of all volume- 
weight soil properties. The uniqueness of the proposed constitutive 
relationship was proven for small deviations from a stress point. 

The experimental results show a correlation coefficient for the pre- 
dicted versus measured volume changes which is in excess of the critical 
correlation coefficient for a 1 percent level of significance. 

Hysteresis destroys the uniqueness of the constitutive 
Surfaces and is the result of a reversal in the direction of deforma- 
tion of either the soil structure or the contractile skin. 

A one-dimensional volume change analysis for an unsaturated 
soil is presented. All volume-weight soil property changes, in re- 
sponse to stress changes, can be predicted provided the constitutive 
equation soil parameters are known. 

A one-dimensional theory of consolidation is derived on the 
basis of the continuity requirement. It consists of two partial dif- 
ferential equations that must be solved simultaneously. The initial 
pore air and pore water pressures, as a result of a change in total 
pressure, are also predictable by solving two simultaneous equations. 
No attempt has been made to solve or experimentally verify these equations. 
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CHAPTER I 
INTRODUCTION 


1.1 General 

The discipline of soil mechanics came into prominence in the 
1930's primarily as a result of Terzaghi's convincing evidence to 
support the effective stress concept. The concept indicated that for 
a saturated soil, the difference between the total stress and the pore 
water stress formed an independent stress variable which controlled the 
deformation and strength characteristics of a soil. This concept has 
proven to be the key in formulating and analyzing soil mechanics pro- 
blems. Consequently, soil mechanics has been primarily concerned with 
the volume change and strength behavior of saturated soils. 

Practicing engineers soon became aware that many of the 
problems they encounter involved unsaturated soils. The construction 
of earth-fill dams, highways and airport runways all make use of re- 
molded soils that are unsaturated. Also, large portions of the land 
surface of the earth are subjected to desiccating influences that leave 
the upper portion of the profile cracked and unsaturated. Light structure 
placed on these natural soil profiles generally suffer distress due to 
subsequent expansion of the desiccated soil. 

The success of the effective stress concept in describing the 
behavior of saturated soils has led research workers into a search for 


a similar statement for unsaturated soils. During the last two decades, 
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2 
there have been numerous eauations proposed in the literature; however, 
none have proven completely successful in practice. Research into the 
volume change behavior of unsaturated soils appears to have developed 
on two independent fronts. First, there were those interested in 
describing behavior in terms of changes in total stress applied to 
the soil (i.e. constant volume and free swell] tests) and second, those 


using changes in the pore fluid pressures (i.e. soil suction tests). 


1.2 The Nature of Unsaturated Soil 

The variation in terminology associated with unsaturated 
Soils requires explicit definition of all terms and variables. Even 
the term unsaturated soil must be carefully defined. 

A soil mass consists of a particulate assemblage of solids; 
the voids being filled with one or more, compressible or incompressible 
fluids. Classical soil mechanics has primarily considered the case in 
which the voids are filled with water (i.e. the saturated soil case). 
however, the general case involves pores that contain varying portions 
of gas (i.e. the unsaturated soil case), Although the terms partially 
and partly are often used to describe this case, the author prefers 
the term unsaturated. Ona macroscopic scale, the inclusion of the - 
smallest amount of free gas renders the system unsaturated. 

The unsaturated soil case considered in this thesis involves 
voids that are filled with varying portions of air (with or without 
water vapor) and water (with or without dissolved air). In other 


words, the air phase consists of a miscible mixture Of gases plus 
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water vapor while the water is a miscible mixture of pure water and 
dissolved air. The air phase is immiscible with the water phase. 
Generally an unsaturated soil is considered to be a three- 
phase system. Lambe and Whitman (1969) state that a soil contains 
“three distinct phases: solid (mineral particles), gas and liquid 
(usually water)". Before proceedings, let us consider the definition 
of the word phase. Sisler, VanderWerf and Davidson (1953) state that 
"many mixtures are heterogeneous, consisting of two or more physically 
distinct portions, differing in properties and composition and sepa- 
rated from each other by definite bounding surfaces". This definition 
appears consistent throughout the fields of chemistry and physics 
(Gove, 1967 and The International Dictionary of Physics and Electronics, 
1961). 
Let us apply the above definition of a phase and consider 
the possibility of an unsaturated soil containing a fourth phase. 
The fourth phase would be the air-water interface commonly referred to 
as the "contractile skin" in the surface chemistry literature (Matyevic, 


1969). 


1.3 Development of the Surface Tension Concept 


The surface tension concept is not new; in fact, many of the 
mathematical relationships and quantatative observations concerning 
Surface phenomena were documented prior to the 1900's (Padday, 1969). 


Leonardo da Vinci (in the 15th century) and Sir Isaac Newton (in the 
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17th century) observed the rise of a liquid in a fine bore capillary 
tube. In the 17th century, Hawksbee and Segner performed experi- 

ments that allowed them to formulate the first theory of capillarity. 
"Surface tension" came to denote the Supposed presence of a contractile 
Skin at the surface of a liquid. 

In 1805, Young stated that the mechanical properties of a 
two-fluid surface may be related to those of a hypothetical stretched 
membrane. 

The work of Laplace and Young proposed that the radius of 
curvature of a two-fluid interface was a consequence of two radii of 
curvature and their equation connected the surface tension and the 
radius of curvature with the differential pressure. 

The concept of surface tension was well established by the 
turn of the century when Gibbs set out his thermodynamic treatment of 
the problem. In 1906, Gibbs introduced the concept of "dividing 
surfaces" where each phase remains homogeneous up to an infinitely 
thin separating boundary. The properties of the boundary are a com- 
bination of the physical properties of the two bulk phases and of the 
real interface layer. The dividing surface concept is also applied to 
surface energy, surface entropy and surface free energy. The Gibbs 
model is an attempt to simplify the real interphase (or phase) that 
exists between two fluids (Figure 1.1). However, the simplification 
has caused much confusion and has been shown to have limitations in 


many analysis. Goodrich (1969) states that Gibbs introduces "certain 
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dividing surfaces into the theory which have bedeviled the student ever 
since. These mathematical surfaces were used as synthetic phase boun- 
daries in an attempt to compare the actual interfacial region with 
fictitious systems in which the transition from one phase to the next 
was absolutely discontinuous. Experience has shown that this method, 
already mathematically inelegant, is also a source of endless con- 


fusion". 


1.4 Conditions at the Air-Water Interphase 


Davies and Rideal (1963) commence their book entitled Inter- 
facial Phenomena with the following statement. 

"The boundary between two homogeneous phases is not to be 
regarded as a simple geometrical plane, upon either side of which 
extends the homogeneous phases, but rather as a lamina or film of a 
characteristic thickness: the material in this surface phase shows 
properties differing from those of the materials in the contiguous 
homogeneous phases. It is with the Properties of matter in the 
surface layer that we are here concerned. Just as in bulk, the matter 
of the surface phase may exist in the Solid, liquid, and gaseous 
States: i.e. there are various types of interfacial phase". They go 
on to observe "that a liquid behaves as if it were surrounded by an 
elastic skin with a tendency to contract". It is for this reason that 
a drop tends to a spherical shape when uninfluenced by external forces 
and that any liquid surface area will tend to decrease spontaneously. 


The free surface of a liquid behaves as though it is ina 
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state of tension. However, it has not been possible to directly measure 
the tensile stress and therefore its existence has been disputed (Adam, 
1938). Several simple experiments noted by Padday (1969) lend credence 
to the existence of a boundary phase. 
"(1) The hydrostatic pressure below a curved surface is different 

than that below a flat surface. 

(2) The liquid assumes a shape of minimum area when there is 
no influence of gravity. 

(3) The vapor pressure of a liquid with a curved surface is 
different than that of a flat surface. 

(4) A thin film of liquid stretched on a wire frame pulls in 
and thereby tends to distort the wire frame". 

The existence of the contractile skin can also be explained 
in terms of the work done to create new surface or in terms of the 
change in Helmholtz free energy associated with the formation of area. 

According to Defay et al (1966) the contractile skin has a 
pressure deficit that manifests itself macroscopically as a tension. 
The magnitude of the integral of the tension across the contractile 


Skin is known as the surface tension. 


joo. Physical Properties of the Contractile Skin 


Considering the contractile skin as a separate independent 
phase must be justified on the basis that it has different physical 
properties than the bulk of either phase in contact with it. The most 


striking and significant evidence is associated with the tensile pull 
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observed in only the surface layer of a liquid (Bikerman, 1958). How- 
ever, research on other physical properties also indicates the inde- 
pendent nature of the surface layer. 

Derjaguin (1965) reported that the viscosity of the surface 
layer is very sensitive to change from the bulk of the liquid. Surface 
layers 10°78 cm thick have viscosities three times greater than that of 
the bulk liquid. The change in viscosity is believed to be an indication 
of a structural change. Birefringence data indicates that the surface 
layer has a structure similar to that of ice. The polar nature of 
water results in strongly orientated molecules in the surface layer 
(Padday, 1969). The surface water molecules are therefore attracted 
on one side and allowed to relax on the other ‘side. The density of the 
surface layer is slightly reduced due to this structural change. 

Metsik (1964) showed an increase in the heat conductance as 
the surface layer thickness decreased. 

There is also evidence to indicate that the transitions from 
the liquid to the gas phase are not transitional as previously felt but 
rather are jumpwise or distinct. Derjaguin (1965) states, "The absence 
of a pronounced drop in these peculiarities in water layers as the 
distance from the interface increases up to a certain thickness, 
gives grounds for assuming that the specific structure of water in 
boundary layers is uniform and changes abruptly, at a certain small 
distance from the interface, into the ay structure of the bulk liquid 


phase". "Theoretically, it is natural to assume a juimpwise change as 
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this is observed in liquid crystals. Thus, there are grounds to speak 
of boundary phases separated from the bulk liquid by a sharp interface 


but differing from conventional phases in that their thickness is 





definite under given conditions and they depend on the nature of the 


substratum". Throughout this thesis the "contractile skin" is con- 
sidered as an independent fourth phase in an unsaturated soil. 

An element of an unsaturated soil can therefore be visualized 
aS a composite mixture with two phases that come to equilibrium under 
applied stresses and two phases that flow under applied stresses. 

In other words, two phases can be treated as solids (i.e. the soil 
structure and the contractile skin) whereas two phases can be treated 
as fluids (i.e. the air and water). Figure 1.2 depicts the type of 


element under consideration. 


1.6 Volume-Weight Relationships 


The thickness of the contractile skin is believed to be in the 
order of only a few molecular layers. Figure 1.3a shows a rigorous dia- 
grammetric subdivision of an unsaturated soil. The thinness of the 
contractile skin make its physical subdivision unfeasible and un- 
necessary from the standpoint of volume-weight relationships. No 
Significant error is incorporated if the contractile skin is considered 
as part of the water phase (Figure 1.3b). In this way, the four phase 
system reverts to a three phase system with respect to the volume- 
weight relationships. 


The defintiions and terminology of the volume-weight relation- 
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FIGURE 1.2 ELEMENT OF AN UNSATURATED — SOIL 
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ships used in this thesis are summarized below. The volume relation- 


ships are: 
. volume of voids Vy 
Porosity (n) = eoERT Wo Monat had 100 
E : volume of air Va 
Air Porosity (n,) CSTE eT e ‘Aim 100 
V 


volume of water W * 100 


Water Porosity (n.) Tratstaptine 


volume of voids V 


HORARE OSE) 98 Re ae cataa 
S 


Degree of volume of water Yn % 100 


Saturation (S) volume of voids ~ V 


V 
The only weight relationship used is the water content. 


. W 
ef We ht of water we 100 


weight of solids We 


The unit weight equations combine the volume and weight re- 
lationships. The total unit weight, Yee the dry unit weight, Yeo and 
the bouyant unit weight, Yp> are defined in the conventional manner. 

The terms "air porosity" and "water porosity" are included 
in the definitions since they provide a convenient means of expressing 
the portion of each phase with respect to a common perceptible base. 


The terms "percent air" and "percent water" are used in a synonymous 
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manner. The water porosity (n) is equivalently written as (S*n) or 
weG/(Ite). Similarly, the air porosity (n,) can be written (1-S)en 
or w°G(1-S)/[(lte)-S]. 


In Chapter IV, a change in volumetric deformation of any 


phase is equivalent to a change in porosity with respect to that phase. 


It should be noted that this does not mean that volumetric deformation 


is equivalent to phase porosity. 


1.7 Context of Terminology 


The study of the behavior of unsaturated soils embraces nu- 
merous areas of science. One of tne results has been a lack of con- 
Sistency with respect to the terminology associated with unsaturated 
soil behavior. The author attempts to regain some consistency by 
embracing terminology from continuum mechanics. 

An unsaturated soil is a collection of matter which we wish 
to study and can be referred to as a multiphase system. The complete 
characterization of the system is referred to as the state of the 
System. The pertinent aspects of the description of the state of an 
unsaturated soil are: 

(i) the stress field - The stress fields for each phase of an 
unsaturated soil are described by the equilibrium equations. 

These are presented in Chapter IV. 

(ii) the deviation from the undeformed state - This is the "de- 
formation field" and is discussed with respect to each 


phase in Chapter \. 
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In this thesis, only the stresses and deformations are con- 
Sidered as state variables. The ieeety of ingependent state vari- 
ables for a particular problem is very important. However, the state 
variables for a problem are somewhat arbitrary (Fung, 1965). For 
example, more than one type of deformation state variable can be used 
to describe the deformations for a particular problem. Likewise, more 
than one set of stress state variables may be possible. However, a 
particular set of stress state variables should have definite advan- 
tages over other possibilities. The main factor to consider is the 
applicability of the state variables, in measurable quantities, to a 
wide variety of problems. | 

When a state variable is expressed as a single-valued 
function of other state variables, it is referred to as a constitutive 
equation. For example, a constitutive equation can be used to link the 
Stress and deformation state variables. If for the unsaturated soi] 
system, the values of the state variables are independent of time, the 
system is in equilibrium. If the state variables vary with time, the 
unsaturated soil system is undergoing a process. 

The author has been reluctant to introduce new terminology; 
however, in the early stages of this study it became obvious that the 
existing terminology created serious handicaps. The handicaps are 
primarily related to the thinking associated with the effective Stress 
principle. Chapter IV deals with the problem in detail. The concept 
of state variables gives rise to a more general and all encompassing 


description. 
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1.8 Scope of the Thesis 


The behavior of unsaturated soils is approached from a re- 
latively fundamental but phenomenological standpoint. Within the en- 
tire spectrum of soil problems of interest, there are two main cate- 
gories. These are the volume change behavior and the shear strength 
of unsaturated soils. Both areas involve four similar steps in their 
solution (Figure 1.4). These are: 

(i) the description of the physical system 
(ii) the defining of the variables involved and the formulation 
of the problem. This is the establishment of the mathe- 
matical model. 
(iii) the solution of the mathematical formulation. The partial 
differential equations are generally most readily solved 

by a finite difference or finite element method. 

(iv) the application of the mathematical model to the field 
situation. The end result is a prediction that can be 

used to increase the reliability and improve the economics 


of the engineering design. 


The complete analysis of the volume change problem with 
respect to the above four steps is beyond the scope of this thesis. 
Basically, the scope of this thesis involves the study of volume 
change behavior in the light of the first two steps (i.e. physical 
system and the mathematical model). Chapter II deals with the behavior 


of miscible and immiscible air-water mixtures without respect to the 
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soil solids. A clear understanding of this area is required both in 
the design of the laboratory equipment and in later formulations. The 
two main properties analysed are density and compressibility. 

Each controversial aspect of the mathematical formulation 
should be verified experimentally. Chapter III reviews existing and 
attempted laboratory designs and presents the details of the laboratory 
Sahl pnerit designed as part of this thesis. Three associated appendices 
deal with, 

(i) the required checks to ensure the proper functioning of the 

equipment (Appendix B) 

(ii) the test procedures (Internal Report SM:12) and 


(iii) the data reduction (Appendix D). 


The remainder of the thesis presents the mathematical formu- 
lation and its experimental verification. Chapter IV presents the 
formulation of stress equilibrium equations for multiphase systems 
and the extraction of the stress state variables. This is the most 
fundamental aspect of the thesis and is verified by an extensive 
laboratory program (Appendix C). 

The mapping of the deformations of a multiphase system are 
outlined in Chapter V. Now both the stress state variables and the 
deformation state variables are presented. They are joined by means 
of the constitutive relationships for the soi] structure and the 
contractile skin (Chapter VI). The uniqueness of both surfaces are 


experimentally examined. Chapter VI ends with the formulation of a 
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volume change analysis for one-dimensional problems. 

Chapter VII incorporates an additional dimension, time, into 
the analysis. This is the study of transient flow or in particular, 
the theory of consolidation. The analysis is restricted to the one- 
dimensional case. The initial pore fluid boundary conditions required 
at the commencement of the consolidation analysis, are derived theoreti- 
cally. No attempt is made to experimentally verify the transient 


flow equations or even solve them. 
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CHAPTER I1 
MISCIBLE AND IMMISCIBLE MIXTURES OF AIR AND WATER 


2.1 Introduction 

Air and water interact both in the form of a miscible and 
immiscible mixture. Air is essentially a homogeneous mixture of several 
different molecules (Table II.1) and interacts with water in relation 
to the molecules making up air. However, for most practical cases, 
dry air can be considered as an ideal gas with a molecular mass of 
28.97. 

When air is mixed with water, it is largely immiscible ex- 
cept for approximately two percent (by volume) that dissolves to form 
a miscible, dilute solution. Since there is no chemical interaction 
between the water and air, the resulting miscible solution is a 
simple mixture. The immiscible air-water mixture remains separate 
with air overlying the water unless some foreign substance creates 
capillaries which hold the air within the bulk of the water. 

Of primary interest from an engineering standpoint is the 
density and compressibility of miscible and immiscible mixtures of 
air and water. An understanding of air diffusion into water is 


needed to analyse the physical behavior of air-water mixtures. 
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From a theoretical standpoint, the analysis of air-water 
mixtures can be separated into four categories; namely, 
(i) air (dry and moist), 
(ii) pure water (air-free) 
(iii 


(iv 


) miscible air-water mixtures and 
) immiscible air-water mixtures. 


Each category should be considered with respect to temperature and 


pressure in order to completely describe its state. 


2.2.1 Density of Air 


Air is referred to as "dry air" when its humidity is zero. 
"Moist Air" is a mixture of "dry air" and “water vapor". The equations 
of state for the “dry air" and the “moist air" are derived separately. 
The density of a gas depends on three variables: the - 
pressure, the temperature and the kind of gas (Shortley and Williams, 
1955). Correspondingly, there are three experimental laws which give 
the dependence of density on these three variables: 
1. Boyle's Law: If the temperature of a given kind of gas 
is held constant, its density is proportional to the absolute 
pressure. 
2. Charles' Law: If the pressure on a given kind of gas is 
held constant, its density is inversely proportional to its absolute 


temperature. 
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3. Avagadro's Law: At the same temperature and pressure, dif- 
ferent kinds of gases have densities proportional to their molecular 


masses. 


The above three laws are combined to form the general Gas 


Law for a perfect (or ideal) gas. 


PeV = WeReT & 1 


where P = absolute pressure (gm/cm“) 
V = volume (cc) 
W = weight (gm) 
R = Universal Molar Gas Constant (84,780 cm/°K) 


T = absolute temperature (°K) 
The Gas Law is often written in terms of specific volume. 
Pevy = ReT ce 
where v = V/W. The specific volume is the inverse of the density. 
(i) Dry Air 


Air is a mixture of gases, and the general Gas Law is written 


as a summation (Matveev, 1967) 
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Ui L R. Z.3 
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where Pres partial pressure of each gas 
ee specific volume 
R. = specific gas constant for each gas and 
n = number of gases in the mixture. 


Dalton's Law of Partial Pressures: If a mixture of gases are put into 
a container, the total pressure exerted on the container is the sum 
of the pressures that each gas would exert if it alone occupied the 
container. 

Therefore, the behavior of a particular gas of a mixture of 
gases is independent of the other gases and the total pressure exerted 


is the sum of the partial pressures. 


n 
P = ) D. 2.4 


Let us consider one gram of dry air, m, and let v be its 
specific volume (773.46 cc/gm). Then the volume Occupied by the i-th 


gas, V., is inversely proportional to the weight of gas, m.. 


V 
=— or m. = — Si5 


Ay * tt 
a 


1 i 
This can also be written in terms of density (gms/cc) since 
v= nes OCs /y,;- The specific gas constant is related to the 


tnolar gas constant. 
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R. = R/y. 2.0 


where Ls is the molecular weight of the i-th gas (unitless). 
Substituting equation 2.5 into equation 2.3 and summarizing, 


we obtain 


n Pp; : 
vem ) —2#=T R. or 
i=1 75 Fle! 
Pita 
Ve D.«= — m.e«R e.t 
1 n 
Let the specific gas constant for dry air be Ry Sea } m.° 
i=l 
and reconsider equation 2.4 
in = Rar 2.8 


This is the equation of state for dry air. The specific gas constant 


for dry air is computed with the aid of equation 2.6 
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specific volume of air reserved for nitrogen and 


< 
iT] 


where 


Mai = the specific volume of nitrogen. 


In other words, 


v = (specific volume of air) x (percentage 
nitrogen by volume) 
v = (773.45) x 78.08/100. = 603.9] 


Therefore, 


_ 603.91 x 1. 


my 799.65 = 0.7552 


Similarly for M5» Ms and My 


: 0.7552) , (0.2315) , (0.0128) , [0.0005 
By “=Sdnde? (ei 4 ea | i [sar oam c tem ] 


R, = 2927. cm/°K 


d 


The density of dry air (gm/cc) for various absolute temperatures 


and absolute pressures is, 
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26 
(ii) Moist Air 

Moist air behaves as a mixture of dry air and water vapor. 
Since the critical temperature of water vapor is high, it may condense 
and sublimate under atmospheric conditions. For condensation of water 
vapor to begin, it must reach a state of saturation; that is, the 
partial pressure, Po» must attain the saturation pressure, Pe. Al- 
though water vapor does not behave as a perfect gas, its physical 
properties have been established experimentally. 

The equation of state of saturated and unsaturated water 


vapor can be approximated as, 


where Poe partial pressure of the water vapor 
Pele specific volume and 
Re = specific constant of water vapor. 
wick. gan s80. 5 ° 
where Pa molecular weight of water vapor. 


Consider one gram of moist air, m, that contains, s, grams 
of water vapor and therefore (1l-s) grams of dry air. The specific 


volume of the water vapor is v,, the dry air is Vq and the moist 
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wir’ 1S Vv. 
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Vv ¢ 
= = Pa | ! 
pee el Sor Y 2.12 
and V 
—o - To Ht bee T- ov £u13 


Let p be the total pressure of the moist air. Then (p-p,) 
is the partial pressure of the dry air. The equation of state for 
the dry fraction of the moist air is 


ETS a aod | 2.14 


The relationship between the gas constants for dry and moist air is 





or Ro = 1.608-R, de fe 


Substituting 2.12, 2.13 and 2.15 into equations 2.11 and 


2.14 we obtain 


m 


ee ie 1.608 Ryvl a Ph 1.608-Ry+seT ram A 
(P-Pe) qaey = RgtT or (p-py)+v = Rys(1-s) eT 2.17 


Adding 2.16 and 2.17 we obtain the equation of state of 


moist air 
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bsvis Ry(1+0.608+s)-T 2.18 


Let the specific gas constant for moist air be 
Ro = R 


q(1+0.608-s) 


Then equation 2.18 takes the form 
pev = Ra’! 519 


In terms of density, the equation is 





Providing the temperature and pressure remain constant, 
the density of moist air is always lower than that of dry air. Physi- 
cally this is due to the fact that moist air contains water vapor 
(lighter than dry air) which displaces some of the dry air. 

Civil engineers, in general, are more familiar with the term 
relative humidity, ¢, as a measure of the moisture in the air, than 
the weight of water vapor, s, in one gram of moist air. Relative 
humidity can be defined as the partial pressure of the water vapor 
in a mixture to the saturation pressure of the water vapor at the 


same temperature (Spalding and Cole, 1958). 
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The specific volume of moist air was expressed previously 
in terms of the grams of moisture, s, (equation 2.12) and the 
specific volume of dry air is 
aks = : 
ie fi wea eas v4 s) 2.22 
Now, the relative humidity can be expressed as 
Vv 
s 
> = a 
Vq l-s 
Substituting in the Gas Law we obtain 
Riel 
‘a: Bf 1.608(p-p_) 
2 18.02 PE : 2 
) a Rel ia 7p-*Gless ane 2.24 
ce ee 
P-P, 
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Rearranging and solving for the weight of water, s, in terms 


of relative humidity and pressure, we obtain 


7 Pp*-1.608(p-P,) _ 10-1. GUST B a} 


= Le 
Peso Pp 


S 
where Bier, Ryl/vq and 


Pere has tet 


ry v\T* 8 
7s" ¥#F 








ylewofvarg bs22379 S 26Ww tf6 Jzrom to anu lov art fosae ott 
¥ 7 : Zz 


in, & no. ; a Ae pean) 4) 4 
ofz bits tS). 3 If J Bu ¥3) -<¢ ,O¥vuI2fom To ene rp oft to enris z nf 
4 


ad 
at oe . & a r ~ ; 
ef 756 Y1O TO SHuIOV OITfo 







ntjusrtadu2 





“SRST HT 2 ,Vedew Yo Siiptow sit +OF pnivioe bne CNFRNGTISSA 






- iiistdo aw on bns yi tim svitele 
. aoe Ss * a 





: 7 






2 ay iv | oF 
-q)802. faoet (5-800. (- 


. Ae: | 


“aaa - oe 
cay 5 a _ ca _ 
rs : eat 7 i eh 7 


30 


Thus, there is no direct correspondence between relative 
humidity and the weight of water in the air, since it also depends on 
the partial pressure of the dry air and the saturated air. 

The partial pressures of the dry air can be computed from 
the Gas Law by knowing the specific volume at the temperature under 
consideration. The specific volumes of the air and saturated vapor 
can be obtained from Physics and Chemistry Tables (Shankland, 1962) 
(Table II.2). 


TABLE II.2 
SPECIFIC VOLUME OF DRY AIR AND SATURATED WATER VAPOR 
Specific Volume (cc/gm) 


Temperature °C 
Dry Air Saturated Vapor 


0 773.46 206,300. 
4 157,200. 
10 801.92 106,300. 
15 815.66 77,900. 
20 829.88 57,800. 
25 843.88 43,400. 
30 858 .37 ee Le 8 


35 25,250 
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3] 
Psychrometric charts present the amount of water in air at 
various temperatures and relative humidities. Spalding and Cole (1958) 
plot the weight of water per unit weight of dry air versus temperature. 
However, the chart can be read as the weight of water per unit weight 


of moist air, s, without significant error (Figure 2.1). 


2.2.2 Density of Pure Water 


Water under the pressure of its saturated vapor is called 
pure, saturated water; that under a lower pressure is called dilated 
water. In all cases, the water is free of dissolved air. Pure water 
is considered essentially a homogeneous substance the world over ex- 
cept for variations produced by isotopes of hydrogen and oxygen. 

The density of pure water is determined experimentally and 
published in Physics and Chemistry Handbooks. Figure 2.2 shows the 
change in density of pure, saturated water with a variation in 
temperature. Relative density or the specific gravity of water is 
obtained by dividing each value by the density of water at 4°C. The 
effect of a variation in pressure on the density of pure water is 
shown in Figure 2.3. Under pressures normally encountered in civil 
engineering, the variation in density with temperature is more Signi- 


ficant than its variation with pressure. 


2.2.3 Density of Miscible Air-Water Mixtures 


When air dissolved in water it forms a miscible mixture. 
The question of interest regards the effect of dissolved air on the 


density of water. From a theoretical standpoint, the solution of 
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FIGURE ~ 2. | PSYCHROMET RIC CHART FOR’ AIR- WATER 
AT ONE ATMOSPHERE ( FROM - SPALDING 
AND. COLE, 1958 } 
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air in water can be considered comparable to the solution of any non- 
polar molecule in water (Rodebush and Buswell]l, 1958). There is a 
lack of attraction between the water molecules and the molecules of 
air. The water molecules form a "cage" around the gas molecules and 
when the gas molecules reach a certain concentration, the “cages" 
unite to form a cubic lattice. 

Marek (Dorsey, 1940) showed that the density of air-free 
water was greater than that of water exposed to air for 1 to 3 days 
at the same temperature and a pressure of 1 atmosphere (Figure 2,4). 
The work of Frivold and Chappius (Dorsey, 1940) also verifies that 
dissolved air slightly decreases the density of water at temperatures 
below 21°C. It should be noted that the change is extremely small 
and would not be discernable if plotted on Figure 2.2. At a temperature 
of 21°C dissolved air has no measurable effect on density. 

Due to the insignificant effect of dissolved air on density, 
jt can be surmised that pressure variations will not be significantly 
different than for pure water. This is further verified when the 


compressibility of pure and air-saturated water is considered. 


2.2.4 Density of Immiscible Air-Water Mixtures 


The density of immiscible air-water mixtures can be evalu- 
ated by a direct proportioning of the air and water fractions. 

Let the volume of water be, Vw? and the volume of air be 
Pe Consider a cubic element that has impervious sides. All sides 
are fixed with the exception of the top which is in the form of a 


sealed, frictionless piston. By proportioning the components, the 
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density of the mixture can be written, 


tts = Tyi%@ + verve 2.26 


where Hh? * density of the immiscible air-water mixture 
Vy = total volume of air and water 
ia = density of water 


Rearranging gives 


Ww a a 
7 Riel 
m Xe * oa 

The weight of air term, ae is small and insignificant relative 

to the other terms in the equation. The volume of water and air can 

also be written as a percentage of the total volume and the equation 


becomes , 


where S = the volume of water divided by the total volume 


(degree of saturation) 


The pressure in the air and water are always equal. The 
pressure in both phases can be changed by moving the piston. The 
density of the mixture changes primarily as a result of a change in 


volume of air. 
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According to Boyle's Law the volume of air under any pressure 


is 
where Wal = jnitial volume of air 
tae initial air pressure 
Ueee Le air pressure under consideration. 


The density of the air at any pressure according to the 


general Gas Law is 


mae 
Yor ny ae 


ar Wai‘ ai 
Ywo'wte eT u, 
ry perture-op anges; shecompr aoge: 2.30 
aivai,y 
W 


Written in terms of the initial degree of saturation and 


omitting the weight of air term, 


WW 
Ym = aaeeas. EES 2.31 
at '(1-s)45 
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2.3 Compressibility of Air-Water Mixtures for Various Temperatures and 


Pressures 
Isothermal compressibility is also considered under four 
categories i.e. air (dry and moist), pure water, miscible air-water 
mixtures and immiscible air-water mixtures. The air is considered 
theoretically as an ideal gas while the water is considered experi- 


mentally. 


2.3.1 Compressibility of Air 


Isothermal compressibility of a gas is defined as 


g=-— (=) 9x 32 


where Vv Specific volume at temperature, t, and pressure, u 


dV = change in specific volume for a change in pressure, 


ou 


Due to the nature of a gas, the compressibility, 8, is not 
a constant but rather, more closely approximates a second order re- 
lationship with pressure. Therefore, it must be evaluated for every 
pressure under consideration. 

(i) Dry Air 

The specific volume of dry air under conditions of any 

pressure and temperature is computed from the gas law 
v= bbe face 
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where Ry 2927. cm/°K 


absolute pressure (gm/cm*) 


Cc 
iH] 


Differentiating the gas law with respect to pressure, we 


obtain 





Substituting equations 2.33 and 2.34 into equation 2.32, 
the isothermal compressibility of dry air is inversely proportional 


to the absolute air pressure. 





(ii) Moist Air 
The compressibility of moist air is computed in a similar 
manner to that for dry air. The compressibility is again inversely 


proportional to the absolute air pressure. 


2.3.2 Compressibility of Pure Water 


The isothermal compressibility of pure water has been 
measured by numerous research workers (Dorsey, 1940). The various 
techniques of testing and the different ways of presenting the data 
make it difficult to be assured of proper comparisons. In this pre- 


sentation, only data showing the compressibility of water at 1 atmos- 







‘OP 
| AP \mo * Se : 
(Om yp) su2esiq stulozda * 
Sw ,SW2es%g oF Joaqges1 NSiw wel 26p add patdstinavstttO 
. : ht | 
T+ 8 
RE.S ee 
3 us 
gu: Fs 


4 










-3E.S nofteups oft AE.S bre EE.S ‘enotisups pnitusttsedue 
[snofivogorq yfserevat 2t tis yab Yo Vil idteesiqmos [seredtoet efd 


.siweee7q 1f6 stufoeds sd of 


(ne ee | 
e€.5 “a = “S T. a + = 64 iad | 
6 5 b j 


as 


uA Jetom (t#)- 
wslimé2 6 ni boduqmes 2: “its tarom to Wilidtzesiqmoo sAT 









Niszi9vnt misgs zt ytitidtzesxgmos oT . rts vb vot ssdvoes. 





iy -Mu229%q The stuloeds eft ot (ene eis a 






1ae = Pye ; 
) Vit iidtzeorqmod 
vim “a Eh 7 
JOeT i <2 





4) 


phere or upon loading from 1 atmosphere to a higher pressure, iS pre- 


sented (Figure 2.5). The results show considerable scatter. 


2.3.3 Compressibility of Miscible Air-Water Mixtures 


Few tests are available on the effect of dissolved air upon 
compressibility. Figure 2.6 shows results analysed by Tait (Dorsey, 
1940). The results are very similar to those presented for air-free 
water. Also presented for comparison are compressibility measure- 
ments on sea water. 

Considering a temperature of 20°C, a comparison of the com- 
pressibilities of air-free water, air-saturated water and sea water 
can be made (Figure 2.7). Obviously, the results are not as conclu- 
sive as would be desirable. In fact, it is not possible to conclusively 
say that dissolved air makes water more compressible. However, the 
previous density results would lead us to believe that dissolved air 
should cause a slight increase in compressibility. 

The experimental results definitely show that dissolved air 
is not as compressible as free air. If the dissolved air were as com- 
pressible as a gas, the compressibility of the air-water mixture would 
be several orders of magnitude greater under atmospheric conditions 
(Figure 2.8). It would appear that dissolved air fits within the 
water structure, producing an insignificant change in the compressibility 


from that of pure water. 
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46 
2.3.4 Immiscible Air-Water Mixtures 

Consider a piston and cylinder container of volume, V, 
partly filled with water, ie while the remaining portion is air, Ve: 
The air and water are initially at equilibrium under specified 
temperature and pressure conditions. Since the surface of the water 
is horizontal, there will be no surface tension effects (i.e. radius 
of curvature tends to infinity) and the air and water pressures are 
equal. 

In actuality, the interaction of an air-water mixture is 
a dynamic system since a change in temperature or pressure causes 
air to go in or come out of solution. The compressibility of air- 
water mixtures has been analysed by numerous research workers 
(Bishop and Eldin, 1950; Skempton and Bishop, 1954; Koning, 1963; 
Schuurman, 1966). Koning considered the air water mixture as a 
static system while the other researchers assumed an interaction 
between the air and water in accordance with Henry's Law of Solubility. 
The dynamic system is a combination of the miscible and immiscible 
systems and is considered after a discussion on solubility and solu- 
tions. 

The compressibility of an immiscible air-water mixture can 
be computed by a direct proportioning of the air and water. The 
compressibility of the water portion is 

dV 


] Ww 
8B =-o~-e* = 2.36 
Ww Vw du, 
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and the air portion is 


dy We 











] a Rel 
Bo =-~-* >= 1 as ee 
a Va du. a 2 
a 
where Lieut pressure in the water phase 
u, = pressure in the air phase 
The compressibility of the mixture of air and water is 
Se ae a #4) 
Bo eae V dp 2.30 
Here, V = ve * ve and UR Eo eet pe Now, 
dy dV 
| ] W a 
ee ek i be rem ree ae he, 
m Pua? a du. 
Substituting 2.36 and 2.37 into equation 2.39 
= | e 7 e 
Bn VarV [e, VW'8, v4 2.40 


where BY is essentially a constant and 


R 
Seo , 
a ~ Ua 





In cases where the air content forms a significant portion 
of the pore space, the compressibility of the pore water can be ignored. 


This then recovers the form of equation given by Bishop and Eldin (1950), | 
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Skempton and Bishop (1954) and Schuurman (1966). That is, 
dV 
1 a 
Be ee 8 2.4] 
m Pa du. 
When considering the effect of small quantities of air 
on the compressibility of the air-water mixture, both the compressi- 
bility of the air and water must be considered. Therefore, 
1 WocReT 
Ba = V_+V ki es + ? 2.42 
a Ww u 
a 
The weight of air is written in terms of a volume by means 
of the gas law 
Vu 
ec TTA 
W. RT 2.43 
Substituting 2.43 into 2.42 gives 
Bn ai ry ; Ba . ni 2.44 
a ow a 
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Figure 2.9 shows the effect of varying the percentage of 
air on the compressibility. The amplified influence of even a slight 
amount of air is clearly shown. 

Suppose we performed an experiment with a cylinder that 
contained prescribed portions of air and water. As the sealed, 
frictionless piston is forced downward, the volume of air decreases 
substantially. The air and water pressures increase by an equal amount. 
At any new pressure, the portion of air has changed. In order to 
follow this type of process, it is desirable to plot the logarithm 
of compressibility versus the pore air and pore water pressure 
(Figure 2.10). The graph contains a series of curves that are depen- 
dent upon the initial percentage of air. The initial air pressure 
is taken as atmospheric on the plot presented. 

During the laboratory testing program, it was possible to 
examine the validity of the above equation. The pressure in the base 
plate compartment of the oedometers (Chapter III) could be altered 
while the volume change was monitored accurately. No water escaped 
through the high air entry discs since the air pressure in the 
chamber was always higher than the compartment pressure. The high 
air entry disc could not deflect since an aluminum block with a high 
total stress was placed on it. 

The volume changes monitored during the loading and unload- 
ing cycles performed on Oedometer No. 177 are shown in Figure 2.11. 
Similar results for Oedometer No. 179 are shown in Figure 2.12. The 


volume change data are then converted to compressibility values and 
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54 
plotted versus the chamber pressure (Figure 2.13). The results are in 
good agreement with the theory. The significant effect on compressi- 
bility of even a small percentage of air is well demonstrated by 
the results. Other tests with further verification of the theory 


are presented in Appendix E. 


2.4 Solubility of Air in Water 

Air dissolves in water in accordance with Henry's Law since 
there is no chemical interaction between the air and the water. 

Henry's Law: The weight of gas dissolved in a fixed quantity 
of a liquid, at constant temperature, is directly proportional to the 
pressure of the gas above the solution (Sisler, Vander Werf and 
Davidson, 1953). 

However, there must be some known starting point for applying 
Henry's Law. The starting point commonly used is the coefficient of 
solubility. This coefficient is the amount of air dissolved in water 
(under one atmosphere of pressure) when the water is saturated with 
air (Table II.3). 

If the weights of dissolved air were extracted from the water 
and compressed at the same pressure as acting on the water, the volume 
they would occupy can be computed by the gas law. The values are 
tabulated in the last column of Table I1.3. 

Each gas composing air, dissolves in water in accordance 
with its coefficient of solubility, H.. The coefficient of solubility 


of nitrogen is almost twice that of oxygen. However, air contains 
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almost four times as much nitrogen as oxygen. Therefore, in a closed 
system, the water tends to be oxygen rich and the air above the water 
is deficient in oxygen. This effect is insignificant and air can be 


considered to dissolve as an ideal gas. 


= « «y = e « £6 
Wo ie 1 tH, ie ee He 2.46 
where Wig. wight of air dissolved in water at a pressure, 
Uo? of one atmosphere 
Y, = density of water (gm/cc) 
He = coefficient of solubility of each gas that forms 
the air 
H = sum of all the coefficients of solubility of the 


gases composing the air. 


2.4.1 Piston and Porous Stone Analogy 


The experimental data on the density of water indicates that 


air dissolves in water by fitting within the water structure, causing 


essentially no disruption. To further understand this mechanism, 


consider a piston and cylinder arrangement with a porous stone (having 


a porosity of approximately two percent) at the base of the cylinder 
(Figure 2.14). The porous stone is to simulate the behavior of the 
water. | | 

Also, let us suppose there is an imaginary valve at the 
contact between the free air and the porous stone. In this way, the 


movement of air into the stone can be controlled. The air in the 
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FIGURE 2.14 PISTON AND POROUS STONE ANALOGY 
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= 
porous stone simulates the air dissolved in water. 
Under the initial pressure conditions, Uso? the volume of 
free air is us, and the dissolved air is Vq- Suppose the imaginary 
valve between the free air and the porous stone is closed and the 


pressure on the piston is increased to U.- Boyle's Law can be ap- 


plied to the free air and the new volume computed. 


If the imaginary valve is now opened, some air passes into 
the porous stone, resulting in a further volume decrease. According 
to Henry's Law, the total weight of air to pass into the porous stone 


is directly proportional to the applied pressure. 


Ww u u 
do ao a 
— = — or wW,=wW ._— 2.48 
Wq u. d do La 
where Wo = the weight of gas dissolved at a pressure, U0? and 


Wie weight of gas that would be dissolved under the 


new pressure, Us ° 


The weight of free air that passes into the porous stone is 
the difference between the initial and final weights i.e. dw i aaa Fo 
The volume represented by this weight change (under pressure conditions, 


u,) can be computed from the gas law. 
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This additional volume change must be added to the previous 
volume change in order to obtain the total volume change of the free 


air. Or, put in another way, 


where Ve = final volume of free air after the dissolving process 


is complete. 


It should be noted that although the weight of gas dissolved 
is proportional to the pressure, the volume occupied by a gas is also 
inversely proportional to the pressure (i.e. Gas Law). In other 
words, the volume of a gas decreases with increasing pressure, just 
as rapidly as the solubility increases. Therefore, the volume of 
gas dissolved in a given volume of liquid is independent of pressure. 


This can be proven as follows: 


Applying the gas law to the dissolved air portion, 
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In addition, Henry's Law states that 





W 
10. a0 o 53 
d a 
From equation 2.52 
Vado = Wao Ra? Yao 2.54 
Substituting equation 2.53 into equation 2.52 gives 
i WatRgrl ‘ Udo Ral 
Nghe qpmps Tig arr pH on 
a ao ao 
Ww, Riel 
Vy2 aes 2.55 
ao 
Therefore Meg VA 


Since the volume of dissolved air remains a constant, it is also 
possible to combine the free and dissolved air, and apply Boyle's Law 
to the entire volume. To separate the air into its dissolved and free 
phases at any point, the volume of dissolved air can be subtracted 
from the tota’ volume of air. This is the procedure used by Hilf (1956) 
and Bishop (1957). 

As additional load is applied to the piston, the free air is 
compressed and a small portion goes into the porous stone. Eventually, 


all the air is driven into the porous stone. 
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At this point, no further load can be applied to the air 
phase since additional load is transmitted directly to the porous disc. 
Therefore, once the air is driven into solution (the porous disc), the 
air-water mixture behaves as a fluid with a compressibility essentially 


equal to that of pure water (porous disc). 


2.4.2 Theory of Rate of Diffusion 


Air does not dissolve instantaneously in water but rather it 
involves a slow transient process referred to as diffusion. Diffusion 
is a mass transfer which occurs on an individual molecular basis. The 
driving force is a concentration gradient. The mechanism involves a 
transfer of the molecules composing air, into the vacancies or "holes" 
in the water (Tuwiner,1962). 

Let us consider a cylinder (Figure 2.15) with a regulated 
air pressure above the water. After the air in the water is in com- 
plete equilibrium with the air above the water, let us increase the 
air pressure in the cylinder. Remove an element from the water at 
any elapsed time (Figure 2.15). 

The element can be viewed on a microscopic scale, as a two- 
phase, air-water system. Laboratory testing shows that the water 
behaves as though it has a rigid water structure with air channels 
and cavities. A basic requirement of the two-phase system is that 
the deformation of each phase must be equal and opposite at all times 


(Chapter V). Therefore, 
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W ° 

e” = deformation of the pure water 

d : ; 
e( = deformation of the dissolved air 
t = time 


As mentioned, laboratory research has shown that the deforma- 


tion of the pure water phase is essentially zero. That is, 


Then, 


oe | 
7 
set xt 
ot 


To establish the continuity requirements, only the air phase 


need be considered. Since only one phase is involved, the conservation 


of mass for a spatial element can be written directly (Chapter VII). 


where 
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ng = percentage of the elemental volume that is dissolved 
air 
vy? = velocity of the dissolved air 


Reducing the problem to one dimension and expanding gives, - 
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The basic requirement previously stipulated means that the 
second term of equation 2.58 (i.e. Y4' ang/ot) is zero. The velocity 
term on the right-hand side can be written in terms of concentration 


gradients by means of Fick's first law (Tuwiner, 1962). 


ED ge Ural Necro Cane 


where D = diffusivity (cm*/sec) 


Substituting into equation 2.58 gives 





2 
By eg aij yolay’ 2.60 
‘bap ial Ya ay ae °y 


Recognizing that the second order term in equation 2.60 is 


negligible, it becomes the conventional one-dimensional diffusion 


equation. 
ate ay, 
Re ae mo 


The porosity with respect to dissolved air can be written 
as the volumetric coefficient of solubility (i.e., 1 h). Also, the 
density of the air can be written in terms of air pressures by means 
of the Gas law (i.e., 0 te u,/(R*T)). Thus, the diffusion equation 
Often takes varying forms in the literature. 


The boundary conditions can be written either in terms of 
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densities or pressures. In terms of densities, for a one-dimensiona! 


problem, they are: 


= < & J = 
t= 0 and O<y<kH uf ganda 
“gas PA OY 
QO <t.<-~ and y= 0 ay 0 
Oe tte ‘and y eH ‘geecliginy: 
t = © and O<y<H see Pe 


The initial equilibrium air density in the water is designated 
as Ys while the new applied air density at the surface is designated 
as Yo: 

For a three-dimensional problem, the governing partial dif- 


ferential equation is, 








2.62 


Attempting to apply equation 2.62 to an unsaturated soil 
results in extreme complexity with respect to boundary conditions. 
Each element of the soil must be first analysed as a three-dimensional 
problem in itself. The boundary conditions for each eiement involve 
a detailed description of the configuration of the contractile skin. 
Obviously, this approach is unnecessarily demanding and impractical. 

Although a complete investigation of this problem is out- 


Side the scope of this thesis, the author suggests that the contractile 
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skin be viewed from a more macroscopic standpoint with average properties 
prescribed to each element. Then a "macroscopic diffusivity" value can 

be defined and used in the analysis in place of the "absolute diffusivity" 
value. The "macroscopic diffusivity" would need to be measured for 

each soil under consideration, similar to any constitutive relationship 
parameter. This approach has more appeal when we realize that the 
"absolute diffusivity" value of air through water is not very absolute 


with respect to the water in soils. 


2.4.3 Measurement of Diffusivity 


Normally the computation of the rate of diffusion of air in 
water assumes that the water in the soil has the same properties as 
that of water external to the soil. In many cases where diffusion 
is of interest, equilibrium is assumed to be reached within minutes 
or even seconds. The first research workers to strongly dispute this 
reasoning were Sides and Barden (1967). They conclude that the higher 
viscosity of the adsorbed water is the prime cause for a reduced 
diffusivity for water in soils (Barden and Sides (1967)). 

The gases composing air, diffuse individually in normal 


water. Kohn (1965) reports the following values. 
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TABLE II.4 
DIFFUSIVITY OF CERTAIN GASES IN WATER 


eae poe ter 
0, 20 see alla | ie 
No 22 2.0 x 10> 
Ho 21 5.2 x 10° 
0, 25 2.92 x 107° 


The diffusivity value generally given for air is 2.0 x 10" 
om® per sec (International Critical Tables). Few attempts have 
been made to measure the diffusion of air through the water in soils 
(Poulos, 1964). Barden and Sides (1967) placed soil samples over 
a rubber seal and monitored the movement of air through the soil 
(Table II.5). 

During the testing program for this thesis, the diffusion 
of air through the water had a pronounced effect upon the test results. 
The effects of air diffusion were not fully appreciated at the com- 
mencement of testing. The results of tests are presented which demonstrate 
the effect of diffusing air. Figure 2.16 shows the independent 
monitoring of air and water through 2.51 cm of water plus a rubber 
membrane and a ceramic disc. Even after four days it appears that 
steady state diffusion has not been established. 


Figure 2.17 presents the rate of accumulation of air below 
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TABLE II.5 


MEASURED VALUES OF THE COEFFICIENT OF DIFFUSION 
THROUGH DIFFERENT MATERIALS 


(From Barden and Sides, 1967) 





Water Diffusion 
Material Content Coefficient 
% cm“/sec 
Free water -- 2:2 x10? 
Natural rubber 2. Wt x0? 
Kaolin consolidated at 60 psi _é 
orientated parallel to flow 49 4.5 x10 
Kaolin consolidated at 60 psi 6 
orientated perpendicular to flow 49 3i2 x 10 
Kaolin consolidated at 70 psi 47 3:0 x 10° 
Kaolin consolidated at 5 psi 75 6fa & 108 
Derwent clay (illite) consolidated _6 
ous) psi 53 4i/- &% 10 
Jackson's and 4% bentonite at 5 psi 39 <1.0 x 1077 
Compacted Westwater clay 16 1.0 x 1077 
Saturated ceramic 49 1.6 x 107° 
Saturated coarse stone 21 215 x 102 
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a high air entry disc as water was passed through the disc. The disc 
has an air entry value of approximately 75 psi and the air pressure 
applied to the water in the chamber was 50 psi. Initially, the water 
was saturated with air under atmospheric conditions. The results 
show that for the first 40 minutes practically no air was released 
below the high air entry disc. Then more air is released as the 
water passing through the high air entry disc becomes saturated with 
air at a pressure of 50 psi. Upon a reduction in pressure below the 
disc, the air is again released. Another test, (Figure 2.18) shows 
Similar results. The change in water pressure below the ceramic disc 
at 320 minutes demonstrates the necessity of accurately measuring the 
pressure of the air-water mixture. The monitored air accumulations 
shown in Figures 2.17 and 2.18 correspond to an air saturation of 
approximately 30 percent. 

Figure 2.19 shows the measured diffusion of air through a 
ceramic disc with a high air entry value of approximately 225 psi. 
The ceramic disc was saturated but had no water above it. Both the 
water volume change indicator and the diffused air volume indicator 
record essentially the same amount of volume change. In this case, 
steady state diffusion conditions should be established rapidly. 
Figure 2.20 shows the data from the previous figure plotted versus 
an arithmetic time scale. The plots are straight lines indicating 
steady state diffusion. 

Two additional, long term diffusion tests were performed 


at several different applied pressures. Both tests were performed 
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76 
on ceramic discs with an air entry value of 225 psi. The plots of net 
volume change versus time, for diffusion tests number 1 and 2 are 
presented in Figures 2.21 and 2.22, respectively. The accumulated 
air volumes measured by the water volume change indicator and the 
diffused air volume indicator are shown on Figures 2.23 to 2.27, for 
the various pressure ranges. The diffused air volumes recorded by the 
two systems are similar with the exception of those shown in Figure 
2.27. This test showed excessive quantities of air being released. 

The accumulated air volume plots were used to compute the diffusivity 
of air with respect to the water in the ceramic disc. Typical calcu- 
lations are shown in Appendix B. 

The computed diffusivity values are plotted versus the ap- 
plied pressure head in Figure 2.28. Also shown are some of the re- 
Sults from Barden and Sides' tests (1967). The average diffusivity 
value when the pressure head was between 70 and 100 psi, was 2 x i 
cm/sec. These diffusivity values are corrected for the porosity of 
the ceramic disc. This diffusivity value is one order of magnitude 
less than that for pure water. When the pressure head was between 
20 and 45 psi, the average diffusivity was 2.8 x 107° cm/sec. Barden 


6 


and Sides obtained a value of 1.6 x 10° cm“/sec for their high air 


entry discs. 
The manufacturers of the ceramic discs suggest a diffusivity 


6 


value of 7.2 x 10° cm/sec. The author inquired of the manufacturer, 


as to the composition and method of preparation of the ceramic discs 
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85 
but was informed that this information was of a "proprietary nature" 
and could not be disclosed. Two ceramic discs were ground to a fine 
powder and tested using the x-ray diffraction technique. The results 
indicate the presence of quartz. There was no evidence of any clay 
minerals. 

The author is not completely certain as to the interpretation 
that should be given to the data. If the ceramic discs are essentially 
an inert material, than it does not seem reasonable to attribute the 
decreased diffusivity to the change in water viscosity. There does 
appear to be a slight decrease in diffusivity with an increasing 
suction; however, the significance of this trend needs further veri- 
fication in the low suction range. Also, it is understandable that 
the porosity correction is not sufficient to correct for the increased 
tortuosity in the ceramic disc. 

The results indicate that the diffusivity value of normal 
water forms an upper limit. However, there is further research required 
to ascertain the significance of all factors that affect the diffusivity 


of air through the water in a soil. 


2.5 Density and Compressibility of a Combined Miscible and Immiscible 


Air-Water Mixture 
Changing the pressure on an enclosed air-water mixture in- 
volves the transient process of the solution of air in water. Generally, 
it is advantageous to make one of two simplifying assumptions. First, 


it could be assumed that there is insufficient time for any diffusion. 
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86 
Then the problem reverts to the immiscible case. Second, it could be 
assumed that there is sufficient time for complete diffusion. This is 
the case considered in this section. The assumption is also made 
that the air pressure is equal to the water pressure. 

Referring to the piston and porous disc analogy, it is 
possible to assume that the imaginary valve is initially closed during 
the pressure change and then opened to allow air to go into solution. 
This rigorous analysis is conducted in two steps and strictly employs 
the physical laws involved. It is also possible to envisage the free 
and dissolved air as a total air volume that responds simultaneously 
to a change in air pressure. This is referred to as the simplified 
formulation. 

The density formulation considers the free and dissolved 
air as one volume. The compressibility formulation considers both 


the rigorous and the simplified formulations. 


2.5.1 Density of a Combined Miscible and Immiscible Air-Water Mixture 


Let us consider an element similar to that described in 
section 2.2.4 for the density of an immiscible air-water mixture. 
Applying the conservation of mass to the contents of the element 
gives, 


Ya “T = Tey + 5 Fed OM 2563 


where Nie = free air volume. 
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Under these initial conditions the density is written 


a Yw Mw se Ya’Va 2.64 
Yin uP * iy : 


Now suppose the pressure on the piston of the element is 
increased. Let us assume that the volume of water remains constant 
and the total mass of air remains constant. The density of the air 


in terms of any pressure is 





Boyles law is applied to the free and dissolved air 


Vea aie 


U 


dV. = dv. sh be pit ; 


° du, 2.66 


initial volume of free air 


where pe 


V,. = initial volume of dissolved air 


The new volume of free air corresponding to a pressure, U,> 
is 
Yai 


a 


Simplifying and substituting into equation 2.64 gives 
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Written in terms of the degree of saturation, S, and the 


coefficient of solubility, h, 


OE 
z SA. lad at Tal ree oO 2 69 
Yn vai Ma a 
S + (1-5) 24 4 Sohne St 
a a 


The above equation assuines there is sufficient time for the 


complete solution of air under the new pressure. 


erst Rf goreNs Finite Difference Formulation of the Compressibility 
of a Combined Miscible and Immiscible Air-Water Mixture 
(Imaginary Valve Initially Closed) 
The general compressibility detitfition was given in section 


2.3.4. Written as a finite difference equation, 


1 Yai wg Vainvai 
— + ———_—_— (Me 
Ba V+V ° lu .-u.. U_.-U_. it 
wooa wi wi ai aj 
where Mord = volume of water corresponding to a pressure, Wi 
Ww = volume of water corresponding to a pressure, Ww 
Vai = volume of air corresponding to a pressure, un; 
has = volume of air corresponding to a pressure, U5 


The compressibility of water is a constant and the first 


term in the brackets can be written, 
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89 
The imaginary valve at the air-water interface is initially 
closed and the volume change is in accordance with Boyles law. This 


first volume change step is written, 


Ue. 
Vi.-Vi. ai ; 
EUS a) os igen sare aan ea a 
J 1 ai aj aj 


Now the imaginary valve is opened and a portion of the free 
air moves into the water. This is the second step, and is computed 


from Henry's law and the Gas law. Henry's law states, 


. al 2.73 


weight of gas dissolved at a pressure, u 


where Waj aj 


weight of gas dissolved at a pressure, Uj 


Ndi 
The weight of gas dissolved at point, i, is computed by 
applying Henry's law between the known solubilities under atmospheric 


conditions and point, i. 


Ties 
ai 
Wa. =W, © —— 2.74 
di do U0 
where . eaters weight of air dissolved under atmospheric con- 
ditions, Uso” 


The weight of air dissolved under atmospheric conditions is 
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written in terms of Henry's coefficient of solubility. 


Wao HERD reyes 2.75 
Combining equations 2.75 and 2.74 gives 
waj 
Was = Hehe Yi ‘a Yo Hi 


ao 


The volume of air corresponding to any pressure and weight 


is computed from the Gas law. The volume of free air dissolved at 








point, i, referenced to a pressure, Ua5? is 
ReT aL eheL 
V Wi: = W —= BS i 
di di Uj do U ss Wag 
Similarly at point, j, 
ReT 
Vosrewas °° Prodi 
dj dj U4 


Combining equations 2.78, 2.77 and 2.75 gives us Step 2 of 


the compressibility of the free air 
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The volume of dissolved air is a constant. 
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Therefore, the overall compressibility equation is written, 


9] 


Written in terms of the initial degree of saturation, S, and 


the coefficient of solubility, h, 


B = Se ee ee 2.02 


2.9.3 Simplified Direct Differentiation Formulation 


The compressibility equation can be formulated in a few 
steps if we know how to combine the free and dissolved air volumes. 


The basic compressibility equation is, 
hs eg 
ee ee yet = H du, | sr 


The compressibility can be envisaged as related to the 
change in the total air volume. This gives somewhat of a false con- 
cept of the problem since the compressibility is actually related to 
the free air volume. 


sp 


att = (Vo qtVy)/u, 2.84 
a 


efeatitiww 2i norsaup 


y 
7 1 ¢ ‘ r 
~ ae: s Nel : 
fa. | i= (Vall =a * 
Ui ] F) v1 w , "V+ ma 
i th rH - ‘é Ww 
OMB .c , M0! mpeb larstnt ond to ened ar netstrw 
i .vtibfduloe to tasrorttsos sdAz 
aa U8 fl ( i) 
so.5 + — + ; =z a: 
i "4 rt 
FS 
Oi Tm 104 NO rJé } J 97 fu soeird bsrtitqmre €.2.§ 
wot 5 nf betsiunrvot sd nso nottsupe yttlFdteeevamoo oT 
eomufov wi6 beyfozerb | 1 ond sifdeoo 03 wod woul ow tf eqsgae 
: 2; nottsups yeti tdteesiqmoa otesd sAT 
TF i? 
P 7% “ : 
€8.8 | +l ory + = 8 
| WD uD +°¥ 
b Ww we 5’ = 


sit ot bodais1 265 bopsetvns ad nso ysif tdtzesyqmo2 aT 


fio 92167 6 to Sérwsmoe 2ov'g 2tdT -amplov tts [stodveddntespneda 


ot betsfer 


og Prise eee F bY 


vit ifdrtezaeqmos [fsisyo sis ,.stotersdT 


yiisusos et ytrlidtezoxqmos sft sgonte ma{dovq art to 















-omulov v6 sett | 





52 


The compressibility equation is directly written as 


SR ik ak NS 
Bm ee i, Ve u, i u. | er, 
1-S Swi 
pate i— 5 gomers 2.&9 
m W U, U, 


Figure 2.29 shows the components of the compressibility 
of an air-water mixture at a temperature of 20°C and an air pressure 
of 2 kg/cm. The compressibility due to the solution of air in water 
is approximately two orders of magnitude greater than the compressi- 
bility due to the water. Figure 2.30 shows the change in compressi- 
bility as the air pressure is changed. Most noteworthy is the sub- 
stantial reduction in compressibility as the air pressure is reduced. 

Figure 2.31 shows the effect of the dissolved air component 
on the compressibility. The effect (at any percentage of air) of 
the solution of air is the same on a logarithmic scale, regardless 
of the air pressure. The overall compressibility of the mixture 
does not have a smooth transition back to that of pure water. Rather, 
there is a discontinuity at the point where the free air is zero. At 
this point, there is no air to be driven into solution and the last 
term must be dropped. Thus, the compressibility abruptly decreases 
to that of pure water. 

The dramatically increased compressibility of the pore fluid 


due to the presence of a small amount of air, is of significance in 
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the analysis of various problems. For example, Skempton's B para- 


meter depends on the compressibility of the pore fluid. 


B = spears 2.86 
} + nc 
cs 
where  C' = bulk compressibility of the pore fluid 
C> = bulk compressibility of the soil structure. 


If the soil is completely saturated, the compressibility 
of the pore fluid is that of pure water (i.e. 4.6 x 1072 cm“/kg). 
The B parameter therefore approaches one for essentially all soils 
(Skempton, 1954). Figure 2.31 shows that the inclusion of even one 
percent air at a pressure of one atmosphere, results in a pore fluid 
compressibility of 3.0 x 107¢ cm@/kg Or an increase of almost three 
orders of magnitude. This compressibility approaches that of the 


soil structure and has a significant effect upon the B parameter. 


2.6 Compressibility of Air-Water Mixtures When the Air Pressure is 
Not Equal to the Water Pressure 


In the previous analysis the air and water pressures were 
equal and the compressibility was defined with respect to both pressures. 
Now let us consider the effect of differing air and water pressures. 
This case is actually fictitious since the air and water pressures 
cannot differ apart from the inclusion of a solid medium. Theoretically, 


the compressibility of the mixture is defined, 
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where p = the reference pressure for defining compressibility . 


The compressibility of each phase with respect to its 
pressure can be defined. Applying the chain rule of differentiation, 
af wae: ee 
— qu, a 2.88 


and 


EE ee td pt 2 2e. 2.89 
a 


Substituting into equation 2.87 


dV. du dV du 


] W a a 
BF - pos Ils Cr _—— 2.90 
m yt du dp du. dp 





In order to solve for compressibility, it is necessary to 
know the relationship of the air and water pressures to the reference 
pressure, p. Since the reference pressure is not established by any 
known physics, it can be arbitrarily chosen as either the air or water 
pressure. Suppose we let the reference pressure equal the water 


pressure, 
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1 dV a du. 
Bo =e peas lst _—— 2.9] 
m a Be du, du, du, 


Regardless of the chosen reference pressure, it is necessary 
to have a relationship between the air and water pressure. The 
physics of the capillary model relates the air and water pressures 


to the surface tension constant and the radius of curvature. 


where T. = surface tension 


= radius of curvature of the air-water interface. 


5 
J 


If the equation is differentiated with respect to the water 


pressure, 


du -] 
A. mw. 3c *, UT) 
rr 2 i du, + | 2.93 


This physics merely incorporates another unknown variable, r, 
and does not assist in solving the problem. In addition, the capillary 
model is pertinent only when a solid phase is in the presence of the 
air and water. The comprehension of this fact is imperative to the 
study of the case under consideration. Its omission from the research 
literature has created considerable confusion (Hilf, 1956; Schuurman, 
1966). The reasoning of Schuurman leads him to the conclusion that 


the air in the minute bubbles must reach extremely high pressures just 
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prior to collapsing and disappearing. This is absurd and contrary to 
observed behavior. The author questions the validity of Schuurman's 
complex compressibility equation. 

When the air exists as a bubble in water, the physics con- 
trolling the air pressure is Boyle's law. The contractile skin re- 
sponds to the applied water pressure. This means that for the case 
under consideration, the air and water pressures are always equal and 


also their changes are equal. 


—— = | 2.94 


When the air-water mixture is in the presence of a solid 
phase, the relationship between the change in the air pressure and the 
water pressure is a constitutive relationship that must be evaluated 
for each case. Let us incorporate a new pore pressure parameter that 


applies to a stress point. It can either be defined as 

B= du. /du, 2.95 

or Bo. = du /du, . 2.96 
The new parameter can be measured in an unsaturated soi] 


by changing one stress component and measuring the response of the 


other component. The equipment later described in this thesis 
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(Chapter III) allows the measurement of the pore water pressure in 
response to an applied air pressure change. Substituting the new 


pore pressure parameter into the compressibility equation gives, 


1 i oe. | 
B= ees lst - B 2.97 
m way. qu, du, aw 


Using a derivation similar to that used in the section on 
combined miscible and immiscible air-water mixtures, the compressibility 
equation is, 


bn ee tw pane 





a a 


The new pore pressure parameter can also be written as the 
ratio of the B. and BY pore pressure parameters proposed by Bishop 


and Henkel (1962). 


The B. and BY parameters are related to the compressibility 
of an unsaturated soil in Chapter VII. If the compressibilities of 
the soil structure and the contractile skin are known with respect 
to the stress state variables, the tn parameter can be computed. 

The above model of the relationship between air and water 
pressures is in agreement with published data (Bishop, and Henkel, 1962) 


Figure 2.32 subdivides the air-water mixture in an enclosed soil into 
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three zones. In zone one the water Pressure increases more rapidly 
than the air pressure. The ratio of their slopes gives the B aw pore 
pressure parameter. In zone two, the change in the air pressure is 
equal to the change in water pressure. The pore fluid merely acts 
as a compressible medium. In zone three, all the air is dissolved 
and the change in total pressure reflects a direct response in the 


water pressure. 
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CHAPTER III 
EQUIPMENT FOR TESTING UNSATURATED SOILS 


3.1 General 

Commercially available soil testing equipment is not suffi- 
ciently sophisticated for the complete evaluation of unsaturated soil 
behavior. However, numerous research workers have developed apparatus 
that have met with encouraging degrees of success and some have been 
extended in this thesis. 

Four pieces of equipment were used in the examination of 
volume change behavior of unsaturated soils. Two employed modified 
Anteus oedometers* for one-dimensional conditions. The other two 
pieces of equipment allowed isotropic volume change testing conditions 
in modified, four-inch diameter, Wykeham Farrance triaxial cells. 

The significance of air diffusion through the water in the 
high air entry disc was obvious after the first few tests. Therefore, 
it was necessary to develop a practical and accurate device for measuring 
the volume of diffused air. Due to the small volume changes of the 
overall sample and the water phase, and the lengthy duration of the 
tests, special care was necessary to protect against erroneous measure- 
ments. A series of calibration tests were devised that ensure the 


Eee 


*The Anteus oedometers are manufactured by Testlab Corporation in 
United States. 
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proper operation of the equipment. 
The need for a detailed analysis of the data, along with the 
ability for rapid re-evaluation, led to the development of computer 


programs to reduce the data collected from each piece of equipment. 


ote Basic Design Considerations 


The study of the volume change behavior of any material 
involves the measurement of force and displacement. As described in 
Chapter I, an unsaturated soil can be envisaged as a combination of 
two fluids (i.e., water and ar and two solids (i.e., soil particles 
and contractile skin). Our aim is to be able to describe the flow of 
the fluids and the deformation of the solids. 

The modes of testing an unsaturated soil can be termed as 
"drained" with respect to each of the fluid phases. In the undrained 
mode, there is no mass flow of air or water into or out of the Sample. 
When the fluid phases are operated as a drained system, the air and 
water move into or out of the sample against a controlled constant 
pressure system. The terms undrained and drained must be linked with 
the phase under consideration since it is possible for a test to be 
drained with respect to the air phase and undrained with respect to 
the water phase. The concepts of a drained and undrained system 
affect the design of both the pressure and displacement aspects of 
the laboratory equipment. 

Let us first consider the pressures that must be either 
controlled or measured when testing unsaturated soils. The flow laws 


for fluids inform us that the pressures heads are required to describe 
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their behavior. In an unsaturated soil this means that the water and 
air pressures must be measured independently. To describe the defor- 
mation of the soil structure and contractile skin, it would appear 
that additional stresses must be measured. The only additional 
Stresses that have been successfully measured are the total stresses 
applied in various directions. Using these three stress components 
(i.e. total, air and water) an attempt is made to theoretically 
formulate and experimentally verify stress state variables that 
uniquely describe the behavior of the soil structure and the con- 


tractile skin. 


3.2.1 Separation and Measurement or Control of the Air and Water 


Pressures 

Since both air and water are fluids, some means must be found 
to separately measure them. Porous discs with various pore sizes are 
commonly used for this purpose (Bishop and Henkel, 1962). 

A porous disc with small pores (i.e., high air entry disc) 
allows the slow passage of water but resists air flow. As long as 
the difference between the air and water pressure does not exceed the 
air entry value of the porous disc, there is a continuous column of 
water from the sample to the pressure transducer below the porous 
disc and the pressure measured is that of the water phase. Although 
the fine porous discs do not leak air, dissolved air diffuses through 
the water in the disc and collects at the base of the disc in the form 
of free air bubbles. The net result is a gradual increase in 


the measured water pressure until it approaches the air pressure. 


bis tad65w ot tent ensom 2tdd Toe be oterwitseny ns al sols do d + rons 


to nmwfos 2uounttnor 5 21 sradt 22fb euo1og » 


 2bO%0G sit wolsd yooubensys 9wWeesig aria ot olqmsa oi “en ; 
Aipuont fA 525g 1tsw sit Yo tet eh bawessn ovusaana. aid bas.9é 
: siouonts 2 eseuttib vie bevlozetbh .1hs & Hoh te om oh ob = oon 
-_— 
aT 


TOT . + ni * 
_? 
- 


2Fnsnogmos 


im 


vil 


pnel 


ae 
oI 


2A 


mare 
it 


bfuow t7 wide sl ftosvines -bae siudourde Free aaa 


103 oft 915 betwesem y[lutezssoue need mead tend zez201d 


eesrs2 seid sent pare .anoPSosvib euorrsy nt bot tags 


“fA sj to foxtnod yo tnemayweseM bas notjsisgee fh, Sf 


sii besoxs ton esob 5 
























~ 


* 


o29b oT . yi snabasgebat beuesem ed eum 20 seis 
oo - 


re 


5 yino sil .bs¥vessm od Jeu 2ezegnde (onorsi bbs Ay 
* 


: & 


rosy of obem 2f tqmesie ns (yetew bas vis . [stot 9.1) - 
aver 
ie7 


IV 93652 eeorte ytirsv yi isinsmiysexs bas ot stun 


» 
ia 


‘toe oft Yo sotvered oft sdtoeeb voupina 


-ntie. alisoend 


2 


ar 
2otuezeTd 


amoe .. "6 ¥8isw bons wis dAtvod gonte © 


2UOTYBVY Atw 202th 2eunnad 14 ovu2eKe 
: 5} 1: W 239¢TD -z J | 1oO4 mans bo ‘w26Sm Vv [93 5. | 6qse os 


7 
s20qgiuq efns +o? bee v: vinooae 
9495 F Yoq 'ismz ndtw o2th eneteq A... HIG 
wo aid 6 : 2tony tcl watew BA f - - 
‘WOIt f5 2es2tes ud Yas6w to spseesq wole ent eworte 
aaa A» a 
ID SWe291qg Wos6w bas ars six asswied song1stt ib: odd 


st to on if ey wine a 














pci alt to. 925d ont, a 2m 29 sbi 02 brs aig — 


def > Oni , 7 


wean subeyp sat ; tfu2s7 ten oAT . 2aTddud 


hernia 


106 
For long term, undrained tests this is a major problem that has not 
been solved (Bishop, 1969). 

The pore water in an unsaturated soil can exist in a highly 
negative state relative to atmospheric pressure conditions. However, 
it is impossible to directly measure absolute pressures less than one 
atmosphere below atmospheric conditions since the water cavitates. 
Hilf (1956) employed an axis translation technique whereby the air 
pressure surrounding the sample is elevated by an amount such that 
the water pressure becomes positive relative to atmospheric pressure. 
The axis translation technique is acceptable since the equilibrium 
of the air-water menisci are solely dependent upon the difference 
between the air and water pressure, regardless of the absolute pressure 
values. 

Olson and Langfelder (1965) experimentally verified the 
axis-translation technique. They obtained a 1:1.018 ratio between the 
air and water pressures during translation. The slight discrepancy 
is likely associated with occluded air in the soil. The full signi- 
ficance of their results is indicated in Chapter IV. 

A porous disc with relatively large pores will readily 
allow the passage of air and thereby form a continuous column of air 
between the air in the sample and the air measuring system. In an 
undrained system, the air pressure can be measured using a transducer. 
The volume of air in the pressure measuring system must be kept to a 
minimum due to the compressible nature of air. Thin coarse porous 


discs or glass fibre cloth have proven to be a satisfactory air reservoir 
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at the end of the sample. 


3.2.2 Independent Displacement Measurements in an Unsaturated Soi] 
afcependent visplacement Measurements in an Unsaturated Soil 


The displacement measurements associated with a four phase 
unsaturated soil system are as follows: 
(i) Soil Structure 
The vertical and horizontal displacement measurements on 
the sample allow the computation of the total volume change. 
(ii) Contractile Skin 
The displacement of the contractile skin cannot be directly 
measured. 
(iii) Water Phase 
The water volume inflow or outflow can be monitored. 
(iv) Air Phase 


The air volume inflow or outflow can be monitored. 


Continuity of the soil sample assures that the change in 
volume of the soil structure is equal to the sum of the Changes in 


the air, water and contractile skin volumes, 
AV = AV. + AV - AV. a) 


where AV = change in volume of the soil structure or the 


overall sample 


> 
<— 
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= change in volume of the air phase 


> 
=< 
| 


= change in volume of the water phase 
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AV. = change in volume of the contractile skin. 


Let us assume for the present that the change in volume of 


the contractile skin is negligible due to its thinness. This is 
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dealt with in detail in Chapter V. The continuity requirement becomes, 


AY = AV, 7 AV S52 


One of the volume Change measurements is redundant since it 


can be computed by means of equation 3.2. Generally a complete under- 


standing of the soil structure deformation is desired and therefore 
the volume change measurements on the overall sample should not be 
omitted. In addition, either the air or water volume change should 
be measured. 

The measurement of volume change in the air phase is diffi- 
cult due to its pronounced dependence on temperature and pressure. 
It is therefore more reasonable to independently measure the water 
volume change and compute the air volume. The measurement of water 
volume change is not without its difficulties since air diffuses 
through the water in the high air entry disc and collects below the 


disc as free air. Its volume is recorded on the water volume change 


measuring system as a change in water volume. Some system must there- 


fore be devised to measure the diffused air and subtract it from the 
recorded water volume change. 
In summary, the general basic requirements of equipment for 


testing unsaturated soils is as follows: 
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(i) Pressure Requirements 
‘The total, air and water pressures must be either measured 
in an undrained system or controlled in a drained system. The most 
versatile equipment would incorporate the ability to either measure 
or contro! all pressures, | 
(ii) Deformation Requirement 
The volume change of the overall sample should be measured 
along with either the air or water phase volume change. The fluid 
phase volumes must be separable and one must be accurately measured 


over long periods of time. 


3.3 Literature Review of Equipment Development 

The testing of unsaturated soils for engineering purposes 
took on a new perspective as a result of Hilf's work in 1956. Prior 
to that time, engineers had paid little attention to the difference 
between the air and water pressures in the pore fluid and their re- 
lationship to total stress. | 

Conventional volume change testing can be broadly subdivided 
into one of two categories. The first category involves applying 
total pressures to a sample and monitoring the volume change of the 
sample. The second category involves applying various differential 
fluid pressures and monitoring the water volume change. The former 
approach has been basically that of the engineer whereas the latter 
has been that of the soil scientist. The different methods of attack 


appear to be related to the fact that engineers are primarily concerned 
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with volume change and shear strength whereas soil scientists are more 
interested in the movement of water through the soil. 

While studying the shear strength behavior of unsaturated 
soils, Bishop and Donald (1961) showed that it was necessary to either 
control or measure three independent stresses (total, water and air) 
and measure the volume change of the entire sample plus one of the 
fluid phases. Later testing appears to have been a regression since 
subsequent workers have not measured all the basic requirements for 
understanding volume change behavior. Although Matyas and Radhakrisna 
(1968) measured both air and water volume change, they ignored the 
volume of diffused air. Since it was not measured, their water volume 
changes are likely in error. 

Table 3.1 summarizes the major research projects involving 
the development of equipment for testing unsaturated soils. The 
basic limitations of each apparatus are readily evident. The general 
shortcoming is their neglect or inability to accurately measure one 
of the fluid phase volume changes. For example, it is not sufficient 
to simply measure water volume change without correcting for the volume 
of diffused air. Although there are shortcomings with each apparatus, 
there are also some interesting design techniques that are worthy of 


review. 
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Hilf used a modified concrete air meter to measure the 
change in volume and the induced pore water pressure in compacted 
samples that were subjected to a change in total pressure. A high 
air-entry porous tip was inserted in the sample and the nulling of 
a mercury slug in a fine bore capillary tube was used to measure the 
pore water pressure. The entire specimen was dipped in natural rubber 
latex to protect it from the surrounding water. Changes in volume 
of the overall sample were registered in the capillary tube at the 
top of the concrete air meter. 

Later research at the United States Bureau of Reclamation 
has extended Hilf's testing system to the triaxial cell to accommodate 
shear strength testing (Gibbs, 1963; Gibbs and Coffey, 1969). Their 
most recent equipment (1969) measures the total volume change of the 
sample by measuring the change in volume of the water surrounding the 
sample. The triaxial cell is single-walled. Vertical and lateral 
displacements cannot be measured independently. The air pressure is 
measured or the air volume change is monitored at the base of the 
sample. The water is similarly controlled at the top of the sample. 
There is no system for measuring diffused air or even flushing it 
from the upper cap. Although the equipment appears to have most of 
the basic requirements for testing unsaturated soils, the reliability 


of the system leaves much to be desired. 
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3.3.2 Bishop and Donald (1961) 





Conventional triaxial cells (for 1/2 inch diameter and 4 inch 
diameter samples) were modified as follows for performing shear strength 
tests on unsaturated soils. A high air entry (i.e. up to 76 psi) 
ceramic disc was installed in the bottom pedestal. A bubble pump was 
built to remove and measure the amount of diffused air that collected 
below the high air entry disc. The water volume change in the sample 
was measured using a double-walled burret system (i.e. a Bishop paraffin- 
water volume change indicator) that could be back pressured. The 
triaxial cell contained a second (inner) lucite cell. Mercury was 
placed between the inner lucite and the sample. In this way, cell 
pressure changes do not cause an expansion of the inner lucite sleeve. 
Therefore, accurate measurements of the vertical and lateral displace- 
ment of the sample can be made using a cathetometer. The mercury 
around the sample also prevented the diffusion of air from the sample. 
Further details are given in "The Measurement of Soil Properties in 


the Triaxial Test" by Bishop and Henkel (1962). 


3.3. Bi 1 M. Ichandd963}) 


The equipment developed at M.I.T. was used to evaluate the 
shear strength and volume change characteristics of unsaturated soils. 
The four main modifications to conventional equipment involved the: 

(i) measurement of negative pore water pressures 
(ii) application of a controlled air pressure 


(iii) measurement of the volume of water drained from the sample 
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(iv) control of the volume during saturation and the measurement 


of volume changes during shear. 


For shear strength testing, a reinforced triaxial cell (for 
4-inch diameter samples) was used. A 60 psi air-entry ceramic disc 
was installed in the base plate and a coarse porous disc was placed 
above the sample. The air pressure was controlled but the air pressure 
response could not be measured. The water volume change was measured 
using a burret on a constant volume circulating pump similar to that 
described by Bishop and Donald (1961). The air bubble pump was fabri- 
cated from glassware and could not be back pressured. 

Changes in the sample volume were measured by monitoring 
the cell fluid expelled or taken in. This procedure has limitations 
since several factors are involved in the measured volume change. 
These are: 

(i) changes in the sample volume 
(ii) changes in the volume of air entrapped in the cell, with 
changing pressure and temperature 
(iii) changes of cell volume with changing pressure 
(iv) movement of the piston during shear 


(v) leakage from the cell. 


The technique used to measure the total volume change and 
the inability to back pressure the water volume change indicator are 
the main limitations of the equipment. 


The one-dimensional compression devices were designed with 
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some differing features to those used on the triaxial apparatus. The 
high air-entry discs were installed at the top and bottom of the speci- 
men and the water volume changes were monitored from both discs. The 
total load on the sample was measured on a stud force transducer at 
the base of the sample. The total volume change was monitored by 


measuring the displacement of the loading piston. 


3.3.4 Dunn (1964) 


A conventional triaxial cell was modified to allow the in- 
dependent measurement of the total volume change and the air and water 
pressures. The total volume change was monitored using a procedure 
developed by Frederick (1962). The method involves enclosing the 
sample in a lucite cell which itself is housed inside the conventional 
cell. Water fills the space both inside and outside this inner cell. 
The line from the inside of the inner cell goes through a Bishop 
paraffin-water volume change indicator. Calibration tests showed 
2 + 0.5 cc compression in the inner cell water for a pressure change 
from zero to eighty psi. 

No attempt was made to remove and measure the volume of 
diffused air. Also, there was no means of monitoring the air or 
water volume changes. 

The diffusion of air from the sample by way of the rubber 
membrane, was prevented by using two sheets of slotted aluminum foil, 
stuck together with silicone grease. The double aluminum sheets were 


wrapped around the outside of a rubber membrane placed on the sample. 
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Another rubber membrane was placed on the outside of the slotted aluminum 


foil. 


3.3.5 Matyas and Radhakrishna (1968) 


The equipment was developed by Radhakrishna (1967) and is 
similar in many respects to Bishop and Donald's (1961) apparatus. A 
lateral strain indicator could be placed on the sample in order to 
perform Ko tests. The volume changes of the overall sample, the air 
phase and the water phase were measured independently. Air volume 
change measurements were performed only during the constant water con- 
tent tests. It was measured using a two-limb water manometer between 
the sample and the air source. There was no attempt to measure the 
volume of air that diffused through the high air entry disc in the 


base plate. 


3.3.6 Barden, Madedor and Sides (1969 

Their apparatus is a modified form of the Rowe and Barden 
consolidation cell (1966). The samples tested were six inches in 
diameter and one inch thick. The water and air pressures were inde- 
pendently controlled at the top and bottom of the sample. The move- 
ment of water in or out of the sample was measured by observing the 
movement of a mercury slug in a horizontal glass tube. Diffused air 


was periodically flushed out of the base but its volume was not measured. 


Jed<7 Aitcnison (1969) 


Aitchison modified the conventional one-dimensional consolido- 


meter by enclosing the sample in a chamber. The air pressure in the 
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chamber was regulated to produce the desired suction values. This 
setup is inadequate for a complete understanding of volume change be- 


havior. 


3.3.8 Escario, V (1969) 


The apparatus used by Escario was constructed to withstand 
high pressures. By placing a cellophane membrane over the lower porous 
disc, suctions greater than 64 kg/cm® were measured. A coarse porous 
disc was used on the top of the sample. 

When an unsaturated soil sample is placed on a high air entry 

disc, there is a tendency for the uptake of water by the soil. This 
reduces the initial suction of the soil by an amount dependent upon 
the time required to assemble the equipment and apply the pressures. 
To overcome this difficulty, Escario lowers the base plate during as- 
sembly, thereby leaving a separation between the membrane and the 
lower water reservoir. At the moment the test is commenced, the base 
(with reservoir) is raised to come in contact with the membrane. 

The equipment does not measure the change in volume of the 


fluid phases or allow the control of the pressure on the water phase. 


3.3.9 Pufahl (1969) 


Pufahl modified the Anteus oedometer by installing a high 
air entry disc in the base. The oedometer was originally designed to 
allow the water phase of a soil sample to be back pressured during 
testing. Pufahl regulated the air pressure in the sample by means of 


the back pressure regulator. 
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The main deficiency of the apparatus is related to the lack 


of a means to measure the fluid phase volume changes. 


3.3.10 Compton (1970) 


The Bishop consolidometer manufactured by Wykeham Farrance 
was modified for testing unsaturated soils. A high air-entry disc 
(i.e. 75 psi) was installed in the base. The pore water pressure 
was manitored using a manual Bishop null indicator. The change in 
water volume could also be measured; however, no attempt was made to 


account for diffused air. 


3.3.11 Neves (1971 

The equipment is a modified triaxial cell adapted for the 
measurement of pore water pressure and total volume change during the 
Shear strength evaluation of unsaturated soils. The axis translation 
technique is used with the air pressure applied at the base of the 
sample. A transducer is installed below the base with a fine bore 
polyethylene tubing, cemented in epoxy, connecting the high air entry 
disc to the pressure transducer. The lateral deformation is monitored 
by measuring the displacement of a steel wire wrapped around the 
Specimen. The steel wire rested on pieces of aluminum foil placed on 
the specimen. The displacement is registered on a dial gauge placed 
inside the triaxial cell. 

The equipment does not have any facility for measuring water 
volume change or volume of diffused air. Also, the water pressure 


cannot be controlled or regulated. 
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3.4 Equipment Development 
Four apparatus were developed as part of this thesis, to 
measure or control the variables required to describe volume change 
behavior in unsaturated soils. Two apparatus investigated one-dimensiona 
(Ko) loading and the other two were designed to study three dimensional 
(isotropic volume change. The two one-dimensional testing apparatus 
are essentially the same whereas the triaxial cells are basically two 
different designs. Plate 3.1 shows a general layout of all four apparatu 
Each apparatus is considered under the following headings: 
1. Constant Pressure System 

Design of the Cell 
Base Plate Design 
Layout of Plumbing 
Measurement of Total, Air and Water Pressures 
Measurement of Total Volume Change 


Measurement of Water Volume Change 


COs eOw Ot Oa CO nN 


Measurement of Diffused Air Volume Change 


On all four apparatus, the total volume change of the sample 
was measured along with a measurement of the water expelled or taken 
in and the volume of diffused air. No attempt was made to measure the 
air expelled from or taken into the sample. 

In all cases, the pore water pressure can be either measured 
in an undrained system or controlled in a drained system. The air 


stress is always controlled. This procedure was selected for two main 
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reasons. First, the air pressure is difficult to measure due to its 
susceptibility to pressure and temperature changes. Secondly, the air 
operates as an open system in nature (i.e. open to atmospheric condi- 


tions). 


3.4.1 One-Diniensional (Ko) Apparatus 

The Anteus oedometer was selected as the basic apparatus for 
modification due to its versatile design. Plate 3.2 shows the layout 
of the modified Anteus oecometer. The chamber (normally. filled with 
water for back pressuring the water phase of soils) was filled with 
air to regulate the air pressure in the soil sample. The water pressure 
was either measured or else the water pressure was controlled while 
the water volume change was monitored at the base of the sample. The 
design of the base plate has fine tolerances and is installed in very 
cramped quarters. The water volume change indicator and the diffused 
air volume change indicator are connected to the base plate. Due to 
the large number of connections, valves and seals, there are numerous 
Sources of leakage. For precise water volume change measurements, 
there must be assurance that these are virtually eliminated. 

1. Constant Pressure System 

The pressures were maintained constant by means of Anteus 
precision air pressure regulators. The manufacturers maintain that 
the accuracy of the regulator is better than + 0.01 psi. However, 
variations may be significantly larger due to variations in atmospheric 


pressure. (The regulator operates as a differential pressure regulator 


se 























'} .denrd) .enoeser 
“ti lidtsqaoeua 
tan ; i v mco 16 86 29767940 


. (2not 


v 
Tuart) i 
yeaa . . 
7 


of sort bow 
sFttbom ods Vor 


yosd to? yeJew. 


‘+ sisfuoor OF IFS 


sft to npor2ae 


insup bsqnew 


e 
fe 


5 | 7? amulov 77 


tun opis! of 
PAS 


ssf to 295 
7 


s sd Jeum ove 
" 


3 233) Ineseno) .f 
yarn: 4 ’ Gq oon : vor Pasa a1ow 29122979 siT 
: 


“2 - y ; a * 
tans otetnten evawiastunan od7 .Stets tunes owedetq VFS motel 
' : > 


\. 1S¥5WG .t2n f0s0.+ wart veddsdser. vosefupss Sf? To Yo61N998 
ination nf 2Holssirsy of stb Tag" trl Mlenaeen Linge é mart 2no| ; 
Ee stu22971q fstinsyetith 6 e 5 a8 éieqo Go 182 


di - ~ 
iF _ 





122 








ANTEUS 


MODIFIED 


LAYOUT OF 
OEDOMETER 


2 


oa 


————— 








As ¢ 


Show. 


122 
with respect to atmospheric pressure). 

The transducers used to measure the pressure could only re- 
cord to the nearest 0.04 of a psi. By comparing the behavior of 
several regulators it was possible to isolate the pressure output 
fluctuations that were due to regulator inaccuracy. As far as could 
be detected, there is essentially no fluctuation in pressure output 
to the apparatus due to inaccuracies in the regulators. Department 
of Transport records for the City of Edmonton indicate daily barometric 
pressure fluctuations of approximately + 0.09 psi. The deviations 
during each month, from the monthly mean are + 0.23 psi and the devia- 
tions of the monthly mean from the yearly mean are pS eee 5 ae hy 
the laboratory, each pressure change is applied for approximately one 
week and deviations of + 0.20 psi are to be anticipated (Table cep 
The same type of regulator was used to control al] pressures, (i.e. 
total, water and air) and therefore the atmospheric pressure fluctua- 
tions have a cancelling effect. In other words, the difference be- 
tween any two pressures was maintained essentially constant. 

For the first few tests performed on the modified Anteus 
consolidometer, the water pressure was held constant by means of self 
compensating mercury pots. The system was then converted to air 
pressure regulator control and found to be more satisfactory. 

2. Design of the Cell 
Pertinent parts of the modified Anteus oedometer are labelled 


on Figure 3.1*. The total pressure is applied to the top of the Sample 
aE RE ERY Sen ra en ee RE Te a eee, ED ae 


*Further details on the equipment can be found in literature available 
from Testlab Corporation, 216N. Clinton St., Chicago, Illinois and 
in a paper by Lowe III, Zaccheo and Feldman (1964). 
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TACEEC IIT £2 
FLUCTUATIONS IN OUTPUT PRESSURE FROM PRESSURE 
REGULATORS COMPARED WITH CHANGES IN BAROMETRIC PRESSURE 











Aneroid Barometer Anteus Regulator Moore Regulator 
Pressure Change Pressure Change Pressure Change 
(psi) (psi) (psi) (psi) (psi) (psi) 

(ra es RE RE Sot SERA lene eae Se AD Pa a ee a PW a 
13.43* 0.00 52.42 0.00 31.00 0.00 
13.44 +0.01 52.44 +0.02 31.02 +0.02 
13.38 -0.05 52.44 +0.02 31.00 0.00 
13.41 -0.02 52.42 0.00 31.00 0.00 
13.49 
1oso2 -0.11 52-26 -0.16 
i310 -0.33 30.60 -0.40 
M27 -0.16 30.74 -0.26 
13.38 -0.05 30.84 -0.16 
13.52 +0.09 30.95 -0.05 


*One reading was taken each day starting at Feb. 10, 1972. 
Accuracy of Reading on each system 

Aneroid Barometer =\F°O02003"psi 

Anteus Regulator more OTe st 


Moore Regulator =°+°0.04 psi 
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through a loading disc separated from the chamber by a rolling rubber 
diaphram. 

The air pressure enters the chamber via the saturation water 
reservoir. An additional valve was placed at the top of the saturation 
water reservoir in order to isolate the chamber while making air 
pressure changes. The manufacturer's design only allowed the back 
pressure to be set at the start of the test (having the load range 
selector in the low pressure range) and no changes were permitted 
throughout the test. The equipment is designed such that the back 
pressure is registered on the load pressure cartridge when the load 
range selector is in the low range. When the load range selector is 
in the high range, the total pressure is registered on the load pressure 
cartridge. This arrangement is unsatisfactory for independently regula- 
ting the air pressure while testing unsaturated soils. Two alternate 
methods of operation were found to function satisfactorily. 

(i) Close the load valve on the cell and the valve at the top of 
the water saturation reservoir. Slowly push the load range 
selector back to the high pressure range. Opening the load 
valve on the cell and the valve on the top of the water 
Saturation reservoir simultaneously will increase the air 
pressure in the chamber but leave the net loading applied 
by the cap the same as before. The large volume of air in- 
volved in the water saturation reservoir and the chamber 
caused a slight delay in the equilization time for the air 


pressure. 
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An additional line (D) from the top of the water satura- 
tion reservoir was connected to the pressure transducer on 
the "board" pressure transducer without using the load range 
selector. In other words, the air pressure regulator could 
be adjusted to any pressure (in about 3 seconds) without 
manipulating any valves. This alternate was found to be 

the most satisfactory procedure. 


The major modification to the equipment involved the new 


base plate design. To maintain a maximum of rigidity in the cell, it 


was desirable that the enlarged hole in the chamber base be kept to 


a minimum. This meant that the flushing and water volume change ports 


had to be taken from the base plate through the chamber base by 


means of aligned holes, sealed off with O-rings. 


(i) 


(ii) 


(iii) 


(iv) 


(v) 
(vi) 


The advised order of making the ports is: 

Drill the holes (i.e. two) in the chamber base, diametrically 
Opposite each other. 

Machine the stainless steel base plate without drilling the 
ports. 

Screw the base plate into the chamber plate, as snug as 
necessary to ensure a seal between them. 

Mark and drill the ports in the base plate. 

Machine the O-ring recesses and the flushing groove. 

Install the high air entry ceramic disc. 


Two circle seal valves are then tapped into the chamber base 


(i.e. 12 and 13). The fine tolerances may require the following 
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order of assemblage. 

(i) Install valve 13 to the desired location. Ensure that the 
valve can be opened and closed without interference with the 
transducer or the frame of the oedometer. 

(ii) Insert the transducer and torque it to the desired value. 

(iii) Valve 12 will likely need to be disassembled for installa- 
tion. First tighten the casing of the valve. This may re- 
quire a slight turning of the base plate with the specially 
designed torque wrench (Figure 3.3). The valve core can be 
inserted, assuring that it is free to be opened ad closed. 


(iv) The entire chamber can be attached to the frame. 


Although the fine tolerances make the base difficult to 
assemble, the minimal sized chamber below the ceramic disc is ad- 
vantageous for the proper functioning of the base plate. 

3. Base Plate Design 

The base plate for a 1/4 inch thick ceramic disc, was machined 
from stainless steel as shown in Figure 3.2. Originally, attempts were 
made to use 1/8 inch thick ceramic discs. The base plates were machined 
from aluminum and were 1/8 inch thinner than shown. Difficulties were 
encountered with cracking of the thin stones which discouraged their 
use. However, the thicker ceramic discs limited the height of the soil 
specimen that could be used in the chamber. To overcome this diffi- 
culty, a thinner upper coarse porous disc was used along with a higher 


ring. 
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One of the main design considerations for the base plate is 


the size of the bore throughout the system. During the flushing of air, 
the velocity of the fluid should be kept as constant as possible. 

Large cavities cause a reduction in water velocity and air bubbles be- 
come lodged in these zones. On the other hand, highly restricted zones 
cause a high flow velocity, resulting in cavitation and a mixing of the 
air and water into a foam. 

The constant cross-sectional area requirement also pertains 
to the tubing leading to the diffused air volume indicator. The 
original design of the diffused air volume indicator had an enlarged 
tube leading into the indicator and bubbles of air were constantly 
becoming lodged in this zone. They could be removed by increasing 
the pressure gradient, however, it is desirable to keep the pressure 
differential across the base to a minimum. 

The O-ring seals between the base plate and the chamber base 
must be given an inner shoulder support since they must provide a seal 
against the higher air pressure that exists outside the port. 

The O-ring that seals against the teflon-coated ring can be 
removed (if desired) for most testing of unsaturated soils. In this 
way the ring operates as a floating ring. Since most testing involves 
the swelling mode, water is taken up from the fine ceramic disc and 
has no desire to leak between the ring and the base plate. 

The high air entry ceramic disc was sealed in place using 


Chemgrip epoxy. Several other types of epoxy were tested, however, 
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the Chemgrip epoxy appeared to be the most satisfactory. The disc and 


base plate should not be boiled in order to Saturated the disc since 
their is the danger of a fine crack Opening between the glue and the 

fine porous disc. The different thermal properties of the materials 
involved causes the serious distress to the ceramic disc. However, 

this problem was overcome using another method for saturating the ceramic 
disc (Section 3.5). 

If the total pressure is removed from the top of the ceramic 
disc while a water pressure exists below the disc, the upward bending 
moment can crack the ceramic disc. It would be desirable to have a 
safety valve to prevent the water pressure from exceeding the total 
stress, however, this becomes rather difficult and cumbersome to in- 
stall. Experience showed that an excess uplift pressure greater than 
10 psi on a 1/8 inch thick ceramic disc (2-1/2 inch diameter) could 
produce fine cracks in the disc. The cracks may not be visible to 
the naked eye but are evident from an air entry test. One quarter 
inch thick discs can withstand higher pressures but should be checked 
by an air entry test whenever they are subjected to an excess water 
stress greater than 10 psi. 

The base plate must be screwed into the chamber base prior 
to installing the pore pressure transducer in the base plate. A special 
wrench (Figure 3.3) was designed to hold the top of the base plate while 
torquing the transducer. It is also used to tighten and loosen the 
base plate from the chamber base. The wrench enables the turning of 


the base plate without distress to the ceramic disc. 
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4. Layout of the Plumbing 

Most of the plumbing associated with each modified Anteus 
oedometer is shown on Figure 3.1. Additional plumbing was placed on 
a sheet of plywood installed back of each oedometer (Figure 3.4). 

The plumbing is primarily to accommodate the water volume change indi- 
cator. Also included are the switching valves required to measure the 
pressures (i.e. water, air and diffused air lines). 

The pressure regulator on the "board" is the same as those 
used on the oedometer. The small pressure gauge gives a quick visual 
indication of the water pressure. The water pressure measured on the 
“board” transducer must have added to it the difference in elevation 
head between the water reservoir and the soil sample. 

5. Measurement of Pressures 

The total differential pressure is recorded on the load 
pressure cartridge. The air pressure is either recorded on the load 
pressure cartridge or the transducer on the “board”. (The latter is 
the preferred method). All the pressure transducers used were manu- 
factured by Dynisco. Their range is from 0 to 100 psi and the pressures 
are recorded to within 0.04 psi. 

The water pressure is measured using the transducer on the 
"board" (when operated as a drained system) or by using the trans- 
ducer on the base of the oedometer (when operated as an undrained 
system). Generally the water pressure is manipulated as follows: 

(i) In order to increase the water pressure, the water line 
to the cell 12 is closed and the pressure regulator 


is increased by the desired amount (registered on the 
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transducer on the board). This water pressure is applied 
instantaneously by opening valve 12 

(ii) If the air and/or total pressure are increased and the pore 
water reaction is desired, valves 12 and 13 are left 
closed and the transducer at the base measures the pore 


water pressure. 


Two pressure transducers are required for each apparatus 


due to these different modes of operation. 


6. Measurement of Total Volume Change 


The total volume change in the Anteus oedometer is equal to 
the vertical volume change as recorded by the dial gauge at the top 
of the cell. This testing technique is satisfactory for saturated 
soils; however, it has a limitation for unsaturated soils. The be- 
havior of unsaturated soils is affected by suction (u,-u) which be- 
haves as an isotropic stress tensor. Therefore, there is always a 
tendency for three-dimensional volume change when the suction is 
changed. As long as suction is decreasing, swelling generally occurs 
and since swelling in the horizontal direction is prohibited, only 
the vertical volume change needs to be measured. When the suction 
is increased, there is generally a shrinkage in the horizontal di- 
rections, with the sample pulling away from the sides of the ring. 
Once this occurs, the total volume of the sample cannot be computed. 
This is an obvious limitation when attempting to follow certain 
stress paths; however, the equipment was primarily meant for testing 


swelling behavior. 
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7. Measurement of Water Volume Change 


The conventional double tube, double acting volume change 
indicator manufactured by Wykeham Farrance (Figure 3.5) was used to 
measure the water going into or coming out of the soil sample. The 
burrets had a full travel of the water-kerosene interface equal to 
9 cc. Volume changes were recorded to within 0.005 cc. 

After several long term tests it was found that the valves 
on the volume change indicator allowed a slow leakage of water. Com- 
plete details are presented in Appendix B. Due to the long times 
associated with testing, leakage had to be essentially eliminated. 
The valves were replaced with two, 3-way Whitey valves and one, 2- 
way Whitey valve. Swedge-lock fittings on polyethylene tubing were 
used for the plumbing. The frequent use of the valves warranted the 
use Of a small arrow indicating the direction of the 3-way valves. 

A small lucite filler was placed at the base of the burret to pre- 
vent them from popping-up when tightening down the rubber sleeve 
around the base of the burret. 

Volume change due to the compressibility of the indicator 
and the fluid in it, could be essentially eliminated by always reading 
the burret opposite the direction that the three-way valves were pointing. 
When this procedure was not adhered to, errors in the order of 0.1 cc 
were often noticed during the duration of one day. 

The volume change indicator actually measures the change 
in water volume plus the volume of diffused air. Since diffused air 


always moves from the sample through the ceramic disc, its volume can 
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be measured separately and subtracted from the total water volume change. 


(See Appendix D for sample calculations). 


8. Measurement of Diffused Air Volume 

A standard (10 cc) graduated burret was inverted and encased 
ijn a lucite cylinder to collect air that diffused through the ceramic 
disc (Figure 3.6). The valve at the end of the burret was removed). 
Two rolling O-rings were placed around the top of the burret to form 
a seal with the lucite. 

By momentarily creating a water gradient of 1 to 10 psi across 
the base, the air bubbles are flushed out and measured by displacing 
the water in the burret. The pressure inside the lucite cylinder can 
be controlled by an air pressure regulator, at a value that maintains 
the desired gradient across the base plate. For example, if the water 
pressure is set at 30 psi, the lucite cylinder would be pressurized to 
approximately 25 psi. The volume of diffused air is recorded in either 
of two ways: 

(i) The initial burret reading is taken after the diffused air 
indicator chamber is pressurized to 25 psi. The base plate 
is flushed out and the final burret reading and pressure in 
the chamber are recorded. 

(ii) The initial burret reading is taken when the diffused air 
indicator chamber is at atmospheric pressure. The chamber 
is then pressurized and the air flushed from the base plate. 
The chamber is depressurized and the final burret reading 


is recorded. 
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In either of the above cases, the volume occupied by the dif- 
fused air at the base of the ceramic disc is computed by applying 
Boyles law to the measured volume of diffused air. The test procedure 
is detailed in Internal Note SM:12 (Fredlund, 1972) and sample calcu- 
lations are shown in Appendix D. 

When the burret in the diffused air volume indicator be- 
comes empty of water, the vent at the top is opened and the burret is 
filled. Initially there was some difficulty in getting the air bubbles 
to freely move up in the burret. This was overcome by filling the 
burret with the commercial cleaner called "FANTASTIK". Due to its low 
surface tension the air bubbles readily move up the burret. 

The entire layout of the assembled modified Anteus apparatus 


is shown in Figure 3.7. 


3.4.2 Triaxial Apparatus No. ] 


In the first triaxial apparatus, isotropic volume change be- 
havior was observed using a modified Wykeham Farrance triaxial cell. 
The design is similar to that of Bishop and Donald (1961). The main 
difference involves the method of measuring the volume of diffused 
air. Plate 3.3 shows the layout of Triaxial Apparatus No. 1. 

1. Constant Pressure System 

All pressures (i.e. total, air and water) were maintained 
constant by means of precise air pressure regulators. The cell and 
water pressures were maintained with the precision regulators from 


Anteus Corporation and the air pressure was maintained with a precise 
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Moore regulator.* All regulators were of the 0 to 100 psi range. 

The regulator from Moore Instrument Co. is referred to as 
the Model (40-100) Nullmatic pressure regulator. It operates on a null 
balance principle that holds the output pressure within + 0.09 psi, 
even for a wide range of input (supply) BK eSSipee. The Moore regu- 
lators are less expensive and were found to be easier to set at a 
constant pressure, than the Anteus regulators. 

The first few triaxial tests were performed with the total 
and water pressures controlled by constant pressure mercury pots. 
These were changed to air pressure regulators and found to be more 
functional and just as accurate. 

2. Design of the cell 

An additional inner lucite cylinder was installed in the tri- 
axial cell to lend stability for measuring the total volume change of 
the sample (Figure 3.8). An O-ring seal was provided at the bottom 
(on the side) of the cylinder as well as an O-ring cushion at the top. 
Mercury occupied the zone between the inner lucite cylinder and the 
soil sample. Fluctuations in the elevation of the mercury level allow 
for the independent measurement of the lateral and vertical displace- 
ments. 

A four inch diameter stainless steel loading cap was placed 
on the soil sample. The air pressure was led from the base to the 
cap through a 1/8 inch stainless steel tube and connected to the top 
cap with a section of polyethylene tubing. A 1/8 inch thick, coarse, 


corundum stone acts as a low air entry disc below the top cap. The 


ad 


*Obtained from Moore Instrument Co., Rexdale, Ontario. 
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The cell pressure was applied through a connection at the top of the 
cell. 

Water fills the portion of the triaxial cell above the mer- 
cury. Since the cell was used only for isotropic loadings, the loading 
piston was allowed to rise to the top and form a seal (O-ring) against 
leakage. No oil was used in the cells. 

The problems associated with handling large quantities of 
mercury for filling the cell were largely overcome by keeping the 
mercury in an enclosed container that was attached to the cel] 

(Figure 3.9). By having the container in a position higher than the 
triaxial cell, mercury flowed from the container into the cell. To 
remove the mercury, the container was placed below the level of the 
triaxial cell and the valves were opened. In this way, much of the 
danger associated with handling mercury was eliminated. Also, the 
taking down and setting up of the sample was performed under an exhaust 
hood to remove mercury vapors. 

3. Base Plate Design 

Figure 3.10 shows the top view of the base plate. The base 
was modified to accept a 1/8 inch thick, 2-1/2 inch diameter, high 
entry disc. (Most tests were performed with a 15 bar disc). The 
success of the thin stone appears related, in part, to the rigid 
metal base and the good seating of the disc on the metal base. Circle 
Seal valves were substituted for the Klinger type valves whenever slow 
leaks were observed. A brass block was mounted directly on the side 


of the base to house a pore pressure transducer. 
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The conventional cell pressure inlet was used to fill the 
inner part of the cell with mercury. The Klinger valve on this line 
was replaced with a stainless steel valve to prevent corrosion and 
leakage. 

4. Layout of the Plumbing 

A board of plumbing is required to support the operation of 
the triaxial cell (Figure 3.11). The total and water pressures are 
controlled through an air-water reservoir and the air pressure is re- 
gulated directly to the sample. The transducer switching junction 
allows for the measurement of these three pressures plus the pressure 
applied to the diffused air volume indicator. 

5. Measurement of Pressures 

The water pressure under undrained conditions is measured 
using the transducer mounted on the base of the cell. The total 
and water pressures, measured by the transducer on the board, are 
corrected for the elevation difference between the sample and the 
water reservoir. The range of both transducers is 0 to 100 psi and 
the digital voltmeter reads the pressure to within 0.04 psi. 

6. Measurement of Total Volume Change 

The total volume change of the soil sample is measured by 
recording changes in the elevation of the mercury level and the sample 
cap, by means of a cathetometer. A reference point near the base of 
the cell is used to correct for minute changes in the elevation of the 
cell or cathetometer. 


The cathetometer is a model M-912 manufactured by Gaertner 
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Scientific Corporation, Chicago. The cathetometer consists of a tele- 
scope and carriage assembly mounted on a precise meter bar. The 
vernier permits readings to the 1/1000 of a centimeter. An auxilary 
magnifying lens allows the readings to be taken at a distance of 30 to 
60 cm from the object under observation. The reproducibility of the 
readings is estimated to be within + 0.00] cm. The factor for con- 
verting the vertical displacements of the ball to a volume change is 
87.409 cc per vertical cm. Therefore, the volume change is reproducible 
to within approximately + 0.09 cc. The vertical displacement of the 
cap has a conversion factor of 80.951 cc per vertical cm and a repro- 
ducibility of approximately + 0.08 cc. 

The temperature in the room was relatively constant, varying 
at most by + 2°F. These fluctuations had an insignificant affect on 
the volume change readings. 

Appendix D contains example calculations of the separation 
of vertical volume change and lateral volume change. 

7. Measurement of Water Volume Change 

The water leaving and entering the sample was measured on 
a double tube, double acting volume change indicator with a stroke 
capacity of 10 cubic centimeters. Whitey valves are used for shutting 
off and changing the direction of flow in the indicator. The water 
volume changes are recorded to the nearest 1/100 of a cubic centimeter. 

Once again, the diffused air volume must be subtracted from 


the total water volume change. 
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8. Measurement of Diffused Air Volume Change 


The diffused air volume was generally measured once a day 
by flushing water through the base plate and recovering the air bubbles 
in a 10 cc burret. 

Figure 3.12 shows the entire Triaxial Apparatus No. 1 assem- 


blage. 


eeteo Iriaxial Apparatus No. 2 


A second triaxial cell accommodating 4-inch diameter samples 
was designed with the aim of overcoming some of the limitations inherent 
in the first triaxial design. First, it was highly desirable to avoid 
the use of mercury around the sample. If air pressures are being 
measured the mercury essentially eliminates the diffusion of air from 
the sample and allows for reasonable measurements. However, since the 
air phase is operated as a drained system, there is no reason why air 
cannot be allowed to diffuse through the membrane. The second major 
limitation of the previous equipment was the cumbersome means of 
measuring the total volume change (i.e. cathetometer). A more appealing 
system would incorporate linear voltage displacement transducers (i.e. 
LVDT's) connected to the data acquisition system. A general layout of 
the Triaxial Apparatus No. 2 is shown on Plate 3.4. 

1. Constant Pressure System 

The total, air and water pressures were maintained constant 

using Nullmatic Moore regulators. 


2. Design of the Cell 


Figure 3.13 shows a cross-section of Triaxial Cell No. 2. 
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PLATE 3.4¢a LAYOUT OF TRIAXIAL APPARATUS NO. 2 





PLATE 3.4 b PIVOT ON LATERAL DISPLACEMENT 
INDICATOR 
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The lucite cylinder fee reinforced with fibre glass stripes for added 
safety. This precaution is necessary since the cell is filled with 
compressed air. 

Two threaded, 3/8 inch diameter rods are attached to the 
base and act as supports for the lateral and vertical displacement 
indicators. The wires from the LVDT gauges are taken through a port 
drilled in the base. An epoxy was used to seal around the wires to 
prevent air leakage. 

The cell was designed in such a way that the soil sample 
could be completely assembled prior to attaching the upper part of 
the cell. 

3. Base Plate Design 
The base plate is essentially the same as for Triaxial 


Apparatus No. 1. The only differences involve the port for the LVDT 


wires, the cell pressure base port and the threaded LVDT support rods. 


4. Layout of Plumbing 


Only one air-water reservoir was required on the board 
since the cell pressure was a regulated air pressure (Figure 3.14). 
The remainder of the plumbing allows for the independent regulation 
and measurement of the total, air and water pressures. 
5. Measurement of Pressures | 
The system of measuring the pressures is the same as that 
presented for Triaxial Apparatus No. 1. 


6. Measurement of Total Volume Change 


The LVDT with the plunger resting on the upper cap measures 
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the vertical displacement of the sample (Plate 3.5). The lateral dis- 
placement is measured by using an LYDT attached to a modified Ko 
lateral displacement indicator (Figure 3.15). The lateral displace- 
ment indicator is particularly satisfactory for relatively smal] 
amounts of lateral compression. For large amounts of compression, 
the LVDT interferes with the loading cap. However, most of our test- 
ing was associated with the swelling mode where this interference is not 
a problem. Large vertical displacements could tend to produce some 
‘distortion or twisting of the lateral indicator. 7 

A special spring of proper stiffness was made to retract 
the plunger on the lateral LVDT. Fine nylon thread was first used 
from the plunger to the fastener on the opposite aluminum ring. Later, 
extremely fine piano wire was substituted for the nylon thread when 
it was discovered that the thread was susceptible to changes in re- 
lative humidity. A small aluminum bracket attached to the ring held 
Whe LVDT in place. | 

7. Measurement of Water Volume Change 

The water volume change was measured in the same manner 

as described for Triaxial Apparatus No. 1. 
8. Measurement of Diffused Air Volume 

The measurement of the diffused air volume was the same as 
that described for Triaxial Apparatus No. 1. | 

Figure 3.16 shows the entire assembled layout of Triaxial 


Apparatus No. 2. 
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FRAN Sys. TRIAXIAL APPARATUS BASE eNO © 
WITH SOIL SAMPLE 
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3.5 Preparation of Equipment 

The text of the thesis contains a general outline of the 
types of soil tests that can be performed and the procedures that 
should be used to ensure that the equipment is functioning properly. 
The comments, in general, apply to all four pieces of equipment. 

(a) Saturation of the High Air Entry Disc 

The high air entry discs are saturated by first passing 
water through them and then by driving the air into solution. Once 
the discs have been saturated, they appear to remain saturated as long 
as they are kept in contact with moisture. However, a special effort 
must be taken to initially saturate new porous discs. 

The procedure for ensure saturation is as follows: the con- 
solidation ring is placed around the base plate and filled with about 
1/2 inch of distilled, deaired water. The chamber (or cell) is put 
in place and the water is subjected to an air pressure of approxi- 
mately 80 psi. Water is allowed to flow through the porous disc for 
approximately one hour. 

The air collected below the porous disc is then flushed out 
and both valves on the base plate are closed. The water in and below 
the porous disc takes on a pressure equal to the applied air pressure. 
The pressure is applied for approximately one hour, during which time 
the air in the porous disc dissolves in the water. The valves at the 
base are again opened for approximately 10 minutes to allow the water 
in disc to seep through the disc. The air bubbles are flushed from 


below the porous disc and the chamber air pressure is reapplied. The 
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above procedure is repeated about six times after which the porous 
disc should be saturated. This procedure is similar to that used by 
Bishop and Henkel (1962). 

The base plate must not be boiled in water since the differing 
thermal properties of the materials composing the base plate can result 
in a fine crack around the circumference of the high air entry disc. 

The disc was found to perform satisfactorily without the boiling technique. 
(b) Permeability Test 

The permeability of the porous disc can be measured during 
the saturation process by registering the deaired water seeping through 
the disc on the water volume change indicator. The coefficient of 
permeability is used to evaluate the compliance of the pore pressure 
measuring system. The results will also generally reveal the presence 
of cracks in the porous disc. 

Although several porous discs have similar air entry values, 
their permeabilities may differ considerably. However, if the per- 
meability of a particular disc is measured at one time, it should have 
a similar magnitude at a later date. 

(c) Pore Pressure Response Test 

With the water still above the high air entry disc (subjected 
to a pressure approximately 80 psi), both valves on the base plate are 
closed. The data acquisition system is allowed to continuously scan 
the transducer on the base plate, thereby recording the development 
of pressure. The time required for 100% response depends upon the 


permeability of the porous disc, the compressibility of the air-water 
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mixture in the compartment and the volume change of the compartment 
below the porous disc. Figure 3.17 shows a typical response curve. 
The theory associated with the response test is derived in detail 
in Appendix E. The test gives an indication of the time required 
for pore pressure equilization. 

(d) System Leaks 
Leaks in the water volume change measuring portion of the 

system must be essentially eliminated. This requires a lengthy in- 
vestigation but can be achieved by taking the following steps. 

(i) First, be assured that the water volume change indicator 
jtself does not have leaks. The three way valves must be 
checked in both directions, always reading the burret 
opposite the direction the valves point. 

To check the water volume change indicators, a back 
pressure of approximately 50 psi is placed on the water 
volume change indicator and readings are taken every few 
hours for about 2 days. Then the valves are reversed and 
the check repeated. Volume changes should not be more 
than a few hundredths of a cubic centimeter in two days. 
Continuous volume change in one direction is indicative 
of a slow leak. 

(ii) The right and left Circle Seal valves on the base plate 
can be checked for leaks by connecting the water volume 
change indicator line to each valve. The back pressure 


on the volume change indicator should be low (approxi- 
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mately 10 psi) while the water pressure below the high 

air entry disc should be maintained high (i.e. approxi- 

mately 80 psi) by applying an air pressure to the water 

above the porous disc. Any leakage through the closed 
valves is registered on the water volume change indicator. 

Each valve should be checked for at least one day. 

(e) Air Entry Value Check 

Almost all the water is removed from the top of the high air 
entry disc and the air pressure is allowed to act directly on the disc. 
Various pressure increments are applied and allowed to remain for at 
least two hours. It is not necessary to check on the actual air entry 
value of the disc. Rather, the test should assure that the disc can 
withstand air pressures greater than those that will be used during a 
test. For example, several of the discs with an air entry value of 
225 psi (15 bar) were checked in 20 psi increments up to 100 psi. 

(The equipment is designed to measure suctions up to 110 psi). 

The highest pressure applied to the porous disc should 
remain for at least one day. The water volume change indicator should 
show a slow movement of diffused air out of the base plate. However, 
if the base is periodically flushed and the diffused air measured, 
its volume should be essentially equal to that registered on the 
water volume change indicator. 

A rapid increase in the amount of air collecting below the 
base means that either there is a leak in the high air entry disc or 


a leak past the O-rings sealing off the base plate. However, a properly 
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designed O-ring seal rarely allows leakage. 

Continuous close checks must be kept on the entire water 
volume change portion of the apparatus. Slow leaks over the long 
duration of a test can essentially invalidate the results. The pro- 
posed checks are not meant to be performed only when the equipment is 
built but rather, any suspicious test results should be sufficient 
cause to launch a thorough investigation. The entire checking of 
the equipment may require 1-1/2 weeks. Improvements in the design 
of the base plate and water volume change portion of the equipment 


should reduce the necessity of excessive checking. 


3.6 Tests Procedures and Data Reduction 

A general outline of the test procedures is given in the 
body of the thesis while the details of operating the equipment are 
presented in Internal Note SM:12 (Fredlund, 1972). The methods of 
performing the calculations and evaluating the compressibilities of 
the system are outlined in Appendices D and B, respectively. 

The test procedures can be subdivided into two broad categories. 
The first category involves pressure component changes with the fluid 
phases of the soil responding in a drained mode. In the second cate- 
gory, pressure component changes are applied while one or more of 
the fluid phases of the sample respond in an undrained mode. 

(a) Drained Processes 
In general, any one or more pressure components (ise. total, 


air or water pressure) can be changed and the volumetric changes monitored. 
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For example, the total pressure can be increased while the total volume 
and water volume changes are measured. The air volume at any time, 
is computed. 

The three basic combinations involve the increase or de- 
crease in either the total, air or water pressures. In each case, 
the change in total volume and water volume are measured. The pro- 
cesses of most practical interest are those involving a change in 
the total or pore water pressures since the air pressure is generally 
a constant in nature. 

(b) Undrained Processes (Reaction Tests 

In general, one or more of the pressure components can be 
changed, and one or more of the fluid phases operated in an undrained 
mode. The total volume changes can be monitored. For example, the 
total pressure can be increased while the air pressure is kept con- 
stant and the reaction of the water phase is measured. On the equip- 
ment used in this thesis, the pore water reaction could be measured 
for a change in the total and/or air pressures. 

The test procedures are not standaridized but rather, are 
flexible and subject to change. For this reason, a general type of 
data sheet was designed. Any possible drained or undrained process 
previously mentioned, can be performed while the data is recorded on 
the same data sheet. The data is later keypunched and then reduced 
on the computer. A complete documentation of the computer program 


is given in Appendix D. 
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CHAPTER IV 
STRESS STATE VARIABLES 


4.1 General 

The analysis of the behavior of multiphase systems cannot 
proceed without first. establishing the state variables. The effective 
stress statement of Terzaghi (1936) provided the stress state variable 
necessary to describe the behavior of the soil structure of a saturated 
soil. Once the stress state variables of a multiphase system are 
known, the analysis proceeds within the context of continuum mechanics. 

Continuing research has endeavored to establish an effective 
stress for unsaturated soils. Chapter IV commences with a review of 
the research literature. It first considers the assertions of the 
effective stress statement for saturated soils. Then the literature 
on unsaturated soil behavior is reviewed with respect to the thought 
progression in this area. After the literature review, a theoretical 
method is proposed for establishing the stress state variables in a 
multiphase system. It is presented in detail since it is the key to 
understanding unsaturated soil behavior. The results of the theoretical 


analysis are then experimentally verified. 


4.2 Effective Stress Concept for Saturated Soils 


In 1936, Terzaghi stated the effective stress concept as 


follows: 
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"The stresses in any point of a section through a mass of 
5011 can be computed from the total principal stresses O12 Ops Og which 
act in this point. If the voids of the soil are filled with water 
under a stress u, the total principal stresses consist of two parts. 
One part, u, acts in the water and in the solid in every direction 
with eave intensity. It is called the neutral (or the porewater 
pressure). The balance o,' = o)-U, 0,' = oy-U and o2' = o3-u repre- 
sents an excess over the neutral stress u and it has its seat exclu- 
sively in the solid phase of the soil. 

This fraction of the total principal stresses will be 
called the effective principal stresses..... A change in the neutral 
stress u produces practically no volume change and has practically no 
influence on the stress conditions for failure..... Porous materials 
(such as sand, clay and concrete) react to a change of u as if they 
were incompressible and as if their internal friction were equal to 
zero. All the measurable effects of a change of stress, such as com- 
pression, distortion and a change of shearing resistance are exclusively 
due to changes in the effective stresses y's To's and O02". Hence 
every investigation of the stability of a saturated body of soil re- 
quires the knowledge of both the total and the neutral stresses." 

Terzaghi's statement asserts that all mechanical aspects 
of a saturated soil are governed by the difference between the total 
and pore water pressures. From a physical standpoint it refers to 
the equilibrium of the soil structure of a saturated soil] but says 


nothing of a constitutive nature. Terzaghi's statement on effective 
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stress is consistent with the definition of a stress state variable 
as used in continuum mechanics. The validity of the effective stress 
variable for saturated soil behavior, has been verified experiment- 
ally (Rendulic, 1936; Bishop and Eldin, 1950; Laughton, 1955). 

Bishop and Eldin (1950) suggested treating the mechanisms 
of volume change and shear strength separately with respect to effec- 
tive stress. They suggest that the volume change of a soil in com- 
pression is independent of the contact area between soil particles 
but that the shear strength will depend upon the contact area. 
Skempton (1961) reinforced Bishop and Eldin's statements, indicating 
that two different expressions were required to predict the behavior 
of saturated porous materials with respect to shear strength and 


volume change. For shear strength 


a blah metre) Hb 4.1 
where o' = effective stress 
o = total stress 
a = area of contact 
w = angle of intrinsic friction 
¢' = angle of shearing resistance 
u. = pore water pressure 


For volume change, 


170 

















Of 1 ee 
oldsiisv eJete ezorte » to noktintteb edd Axtw sneter ri F: dh 

22exd2 svitostts ond to a fbr ley oat . 2otneroom muunttnos ‘nt | 
-Snemivsqxs beititev need ast . 1 hvened (hoz besewise r0t's [ 

(380) ,moddouss ;080f .nPbt> bas godeta ater , of fubneA)® 


em2inenosm sit entsiserd betesppue (02@F) mtbf7 bas qoneta .) 7% 


7 «@ 


-29Tt9 o¢ Sosqzs” tiw yistsysqee Aspneit2 were bas ephssio’ 
-mo> a [fo2 & Yo apnea smulov oft Jehs tzoppwe yShT .2esqss 
29fsrd1sq Pee nsewisd se1s t263n02 OAT Yo Insbasqobnt ef not 

.5375 tosinoo sit noqu basasb [fiw ddpasite sé0d2 G3 9 
pnissotbnt ,etremegsta 2'nrbta bas gorefa beovotatey (faeT) nose 

yorysdsd sit Jotbevq oJ berfupsy stew anotzesiqxs Jnsisttib” 

bis dtensit2e «see of Josqest ddiw zl eivetem auo10g beds 
Aspneis2 ysed2 107 .spnend om 


| mses ys ventana 
tp ww (abe () + v=! i gmboed 


22o1d2 ovidostie'] '6 1) . 


2zet32 Fadod =) ype) 17 8 


oe "? {MRI SS . oa 


; + 
7 a ye ee” ae 


oo yey 4.2 


where cP = compressibility of the soil particles 


Gr 
” 
i 


compressibility of the soil structure 


The equation is theoretically justified by equating the 
forces across a statistical plane passing between particle contacts. 
Skempton (1960) presents excellent experimental data to substantiate 
the form of the effective stress equation for compressibility. Nur 
and Byerlee (1971) performed compressibility tests on rocks over a 
wide range of pressures and conclude that Skempton's equation “is exact 
and can be considered a fundamental law for strain in elastic systems.. 

Let us, however, more closely examine the mode of testing 
and the type of analysis performed by Skempton (1960) and Nur and 
Byerlee (1971) to justify their conclusions. They conducted the 
experimental verification of their effective stress equation by employ- 
ing a constitutive equation. In this way, their stress state vari- 
able is extracted from a constitutive equation. The general form of 


their constitutive equation is, 


AV = co + Ao! 4.3 


where c° = bulk compressibility of the soil structure 


Ao' = change in effective stress 
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Tne form of this equation is such that it assumes that only 
one stress state variable controls volume change and that the volume 
change is due to the compressibility of the soil structure. However, 
a study of the continuity requirement shows that when the particles 
are compressible, there are two sources of volume change in a particu- 
late system (Chapter V). These are the volume change due to the 
rolling and sliding of the particles (reflected as a volume change of 
the soil structure) and the compression of the particles (reflected 
as a volume change of the soil particles). Therefore, the continuity 


requirement must be written, 


S p 
A= Apa + A ‘ 4.4 
where Ay = change in volume of the soil structure 


aye = change in volume of. the soil particles 


Let us assume that the compression of the soil structure is 
controlled by the ererence between the total and water pressures 
(i.e. o-u) and that the compression of the soil particles is controlled 
by the all around pressure (i.e. u). Writing the continuity requirement 


as a constitutive equation gives, 


AV S 


Bee Aho P 
7 C (Ac- Au, ) ti Sina ply 4:5 


The equation indicates that there are two independent stress 
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state variables involved in the behavior of a compressible particulate 
medium (i.e. (o-u, ) and u) Dividing the above equation by the com- 
pressibility of the soil structure reveals an equation of Skempton's 
form. The author agrees with the constitutive equation; however, it 
does not follow that one effective stress state variable can be ex- 
tracted from the constitutive equation. The character of Skempton's 
equation is different from that proposed by Terzaghi. Since the ef- 
fective stress equation now incorporates soil properties, it must be 
viewed as a constitutive relationship. The same criticism can be levied 
against Skempton's proposed effective stress equation controlling 
strength behavior. 

In 1962, Jennings and Burland gave their interpretation of 
effective stress in the "form of two propositions. 

(i) All measurable effects of a change of stress, such as com- 
pression, distortion and a change of shearing resistance of 

a soil are exclusively due to changes in effective stress. 

(ii) The effective stress, o', is defined as the excess of the 

total applied stress over the pore pressure, u." 

These propositions are completely consistent with Terzaghi's 
presentation and allow the effective stress to be viewed as a stress 
state variable. 

Bishop and Blight (1963) reviewed Skempton's treatment of 
volume change and shear strength and gave their statement of effective 
SUpeem ics eas the effective stress is, by definition, that function 


of total stress and pore pressure which controls the mechanical effects 
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of a change in stress, such as volume change and a change in shear 
strength. The principle of effective stress is the assertion that such 
a function exists, with determinant factors under a given set of con- 
ditions." They conclude that the principle of effective stress can 
be applied to saturated soils, only if account is taken of the effec- 
tive stress path. Their definition has a subtle difference from 
Terzaghi's original statement. The incorporation of the word, "function" 
in two places significantly changes the interpretation of effective 
stress. In the first case of its usage, the word "functions" indi- 
cates that there can be the incorporation of soil parameters. This 
makes the effective stress statement a constitutive relationship. In 
the second case of its usage, the word "function" is associated with 
the interpretation of the word “principle” which they relate to defining 
volume change and shear strength. However, if the effective stress 
variable is associated with the equilibrium of the soil element, then 
it has no relationship with stress paths. 

Matyas and Radhakrishna (1968) in their elaboration on ef- 
fective stress state, | 

"(7) the changes in volume and shear strength of a soil element 
caused by a change in its stress state are entirely due to 
the change in effective stresses, in other words, shear 
strength and void ratio are unique functions of effective 
stresses, 

(ii) the effective stress which is responsible for the mechanical 
effects in a soil element is uniquely determined by the 


total stress and pore pressure." 


BCT | 8 
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In their first statement, the first and the last parts of 
their statement need not be consistent. In other words, a change in 
effective stress can be the cause of a change in volume or shear 
strength but it need not necessarily be linked by a “unique function". 

The words “unique function" refer to a constitutive relationship. 

The research literature appears to reveal a progressive 
deviation from Terzaghi's original concept of effective stress. Origi- 
nally Terzaghi proposed that the difference between the total and pore. 
pressure was a stress variable that governed all deviations from equili- 


brium conditions. 


4.3 Literature Review on Stress Variables Controlling Unsaturated 


Soil Behavior 

The Roads Research Laboratory under the direction of Croney, 
Coleman et al was probably the first group to recognize the importance 
of soil moisture deficiencies in relation to road and air field design. 
Croney (1952) defined soil suction as the reduction of the water pressure 
below atmospheric in an unloaded sample in the Tyranny The suction 
was modified by an alpha (a) factor to take into account the effect of 
external loading. 

Alternatives or modifications to Terzaghi's effective stress 
equation for saturated soils were apparently not suggested prior to 
1955. Bishop (1959) delivered a lecture in Oslo, Norway in 1955 in 
which he introduced what he termed a "tentative" effective stress 


expression for unsaturated soils. 
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4.6 


where u, = pore air pressure 
ied pore water pressure 
Xx = a parameter having values between zero and one. 


The lecture was published in 1959 in a Norwegian journal, 
but it was not until 1960 that the information was available in English 
or American publications (Bishop et al, 1960; Bishop, 1960). 

The concept of effective stress for saturated soils was 
tested in the range of negative pore water pressures by Donald (1956). 
In 1956, Hilf published his studies on the pore fluid state of stress 
in compacted soils. During his research work he developed the “axis - 
translation technique" to measure suction values greater than one at- 
mosphere. The technique involves elevating the atmospheric (or sur- 
~ rounding) air pressure in order that the water pressure can be 
measured as a positive value. | 

Croney, Coleman and Black (1958) cond Thee their findings 
at the Road Research Laboratory and presented another modified ef- 


fective stress equation. 
o' =o - B' * U 4.7 
where g' = the holding or bonding factor which is a measure 


of the number of bonds under tension effective in 


contributing to the shear strength of the soil. 
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In 1960, Bishop, Alpan, Blight and Donald restated Bishop's 
equation and attempted to prove its validity by comparing the results 
of triaxial tests performed on saturated and unsaturated samples. 


Aitchison (1960) proposed another modified effective stress equation 


o' =o + ypp'! 4.5 


where p'' = pore water pressure deficiency 


parameter with values of zero to one 


— 
u 


Jennings also proposed a new effective stress equation in 


1960. 


o' = 3 + ep. 4.6 


where p pore water pressure 


a statistical factor of the same type as the 


RW 
i 


contact area and it is proposed that it should 


be measured experimentally in each case 


The gaseous phase was assumed to be at atmospheric pressure. 
Jennings' proposed effective stress equation was the fourth such equation. 
However, all the equations are equivalent when the pore air pressure is 
atmospheric. Under these conditions, x = ®’= ~ = 8. The conference 
on Pore Pressures and Suction in 1960 provided a meeting place for the 


comparison of the various proposed effective stress equations for un- 
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saturated soils. There appeared, in general, to be good agreement on 
the acceptability of Bishop's form of the effective stress equation. 

All research workers operated on the premise that only one stress vari- 
able was necessary to describe the behavior of unsaturated soils. All 
the proposed equations attempted to modify Terzaghi's effective stress 
equation in such a way as to encompass unsaturated soils. The effective 
stress concept was thought of as an independent physical law rather 

than a stress variable associated with the equilibrium of the soil 
structure. 

In 1961, Bishop and Donald published the results of a strength 
test on an unsaturated silt sample in which the total, air and water 
pressures were independently controlled. All pressures (i.e. Og> U, 
and u) were varied in such a way that all differences remained con- 
stant. The stress-strain curve was not altered during these changes 
and therefore, the effective stress was assumed to remain constant. 
Skempton (1961) states that these results “experimentally verified" 
Bishop's effective stress equation for unsaturated soils. 

Jennings and Burland (1962) were apparently the first re- 
search workers to seriously question the validity of Bishop's equation. 
They felt that Bishop's equation did not uniquely define the relation- 
ship between void ratio and effective stress for most soils below a 
critical degree of saturation. For silts and sands, the critical de- 
gree of saturation was estimated at 20 percent and as high as 85 to 
90 percent for clays. Jennings and Burland (1962) as well as Coleman 


(1962) state that the first step in the analysis of triaxial tests on 
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unsaturated soils is to reduce the stresses with the pore air pressure 
as the base. The axial stress is therefore Oy-Us > the lateral stress 
is 03-U, and the pore water stress becomes UU. Coleman goes on to 
use these relative pressures as independent stress variables describing 
volumetric deformation. 

In 1963, Bishop and Blight re-evaluated the effective stress 
equation for unsaturated soils. They noted that variations in the 
suction term caused problems because it did not result in a direct 
change in effective stress. This was attributed to the fact that the 
surface tension in the pore water acted over only a part of the surface 
area of the soil particles. They noted that the paths of each of the 
two components (i.e. (o-u,) and (u,-u)) must be considered in stress- 
volume change predictions. They felt that shear strength was less 
sensitive to the stress path. 

Blight (1965) pointed out that the x parameter was dependent 
on the type of process to which the soil was subjected and observed 
the collapse phenomenon as constituting a limitation to the effective 
stress principle. Burland (1965) further questioned Bishop's effective 
stress equation. He separated the forces on the soil particle in 
terms of internally applied water stresses and externally applied loads. 
The water stress always acts isotropically whereas the externally 
applied loads produce shear. He explained the collapse phenomenon 
in terms of shear due to a decrease in the normal stress (i.e. suction). 

The Review Panel for the soil mechanics symposium, "Moisture 


Equilibria and Moisture Changes in Soils" (Aitchison, 1965), adopted 
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the subdivision of soil suction and the definitions quoted by the Inter- 
national Society of Soil Science. The definitions state that total 
suction is equal to the sum of the matric and osmotic suction. These 
are defined as follows: 

1. Matric suction is the negative gauge pressure relative to the 
external gas pressure on the soil water, to which a solution identical 
in composition with the soil water must be subjected in order to be 
in equilibrium through a porous permeable wall with the soil water. 

2. The osmotic suction is the negative gauge pressure to which 
a pool of pure water must be subjected in order to be in equilibrium 
through a semi-permeable (i.e. permeable to water molecules only) 
membrane with a pool containing a solution identical in composition 
with the soil water. 

The acceptance of these definitions is not completely con- 
sistent with the views expressed on matric suction at the Pore Pressure 
and Suction in Soils Conference in 1961. At the 196] conference it 
was agreed that the air pressure was an internal pore air pressure. 
However, the 1965 definition states that the matric suction is the 
water pressure relative to the "external" air pressure. This subtle 
difference significantly changes the interpretation of matric suction. 
For example, let us consider a saturated soil subjected to a high 
external air pressure in a pressure plate apparatus. The pore water 
is at atmospheric pressure conditions and drains until equilibrium 
is reached. According to the 1961 definition, the matric suction 


does not exist since there is no internal air pressure. Rather, the 
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soil has a negative water pressure. According to the 1965 definitions, 
the matric suction is the difference between the external positive air 
pressure and the atmospheric water pressure. Throughout this thesis, 
the author adopts the thinking associated with the definitions pre- 
sented in 1961. Therefore, as a soil approaches 100 percent saturation 
the difference between the internal air and water pressures approaches 
zero. The reason for adopting the 1961 definition becomes more obvious 
when we examine the types of volume change caused by a change in each 
stress component. 

Richards (1966) felt that solute suction played an important 
role in the physical behavior of unsaturated soils and postulated a 


further effective stress equation. 


G' bevel, Xan gira) + x, (ht, ) 4.10 


where Xho 5 effective stress parameter for matric suction 
he = matric suction 
Kens effective stress parameter for solute suction 
h, = solute suction 


He does not present data to substantiate the equation. 

In 1967 Aitchison expressed serious misgivings with regard 
to the separate rigorous evaluation of the y parameter and soil suction. 
He pointed out the complexity of x was such that a specific value may 


only relate to a single combination of (o) and (u,-u) and a particular 
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stress path. His thinking appears to mark a new direction in the con- 
sideration of unsaturated soils. A direct quote of his reasoning 
states "Its individuality (i.e. x) in relation to the other components 
of the equation mean one thing only - that the effective stress law 
is no longer valid as a law, but is merely a statement of principles. 
In practice, this involves a second conclusion - that each parameter 
of effective stress (oc) and (u.-u,) must be treated separately and 
made to follow the correct stress path if the correct value of x 
(which may not be known) is to function within a statement as in 
(o' =o - u, + x(u,-u)). Or, to put the point another way: because 
of the complexity of the y term we may fe forced to accept the fact 
that we can only achieve a proper value of effective stress in the 
soil if we allow a unique stress path for each of the terms (co) 
and (u,-u.) having achieved it by this means, we in fact no longer 
need to attempt to quantify the x term. Thus the complexity of the x 
term ceases to signify as soon as we uncouple the two parameters in 
unsaturated soils." In 1969 Aitchison presented constitutive relation- 
ships data consistent with the above concepts. The tests were per- 
formed on a conventional but modified oedometer that allowed the 
control of the air (chamber) pressure. 

Matyas and Radhakrishna (1968) introduced the concept of 
"state parameters" to express functional relationships between 
stress and deformation. Volume change behavior is displayed as a three- 
dimensional surface with respect to the state parameters (o-u,) and 


(u.-u.). The movement of a “state point" along a “state path" produces 


@ estate surface". They noted there were non-unique aspects of the 
state surface related to stress history. They recommenaed the use 
of an incremental strain theory for the analysis of problems due to 
the complexity of the surface. 

Barden, Madedor and Sides (1969) advocated the separate 
control of the components (o-u,) and = Ue) when predicting volume 
change in unsaturated soils. They used a modified Rowe consolido- 
meter to obtain constitutive relationship data. 

In review of these investigations in the area yeksik 
mechanics, it appears that the stress state variables used for analysis 
have been justified either on the basis of intuition or on the basis 
of observed monotonic deformation behaviors. No experimentation has 
been produced to directly justify the use of a particular stress 
tensor prior to becoming inveived.with the physical or constitutive 
properties of the soil. In fact, the mixing of soil properties with 
stress state variables does not appear consistent with the method of 
attack used in continuum mechanics. The two most worthwhile contri- 
butions toward establishing satisfactory stress state variables appear 
to be the work of Hilf (1956) and, Bishop and Donald (1961). These 


are discussed later in more detail. 


4.4 Stress Analysis of a Continuum 
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The analysis of stress basically involves defining the stresses _ 


at a point (i.e. stress tensor) and the equilibrium of stress from one 


point to another. The equilibrium of the stress field is based on 
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Newton's force equilibrium equation. In this thesis, force equilibrium 
is assumed to be the most fundamental physical statement available. The 
analysis strictly applies to any continuum. In continuum mechanics, 
the equilibrium equations are commonly referred to as Euler's law. The 
definition of the body and surface stresses at a point are defined as 
the Euler-Cauchy stress principle (Truesdell, 1966a). 

Let us first consider the definition of a continuum and its 
inherent assumptions. Fung (1969) states that "a continuum material 
is a material for which the density of mass, momentum and energy exist 
in the mathematical sense". The material is pictured as being without 
gaps or empty spaces and its behavior obeys the classical laws of 
mechanics and thermodynamics which relate to the properties at a point. 

All matter is structured on an elementary particle system and 
taken to a small enough scale, no matter is strictly continuous. The 
size of the "holes" varies from a solid to a liquid to a gas. Let the 
mass of an element of variable size be My and the corresponding volume 
be Va If we continuously decrease the size of the element, the 
ratio of ae should tend to a definite limit providing the volume 
contains a large number of particles. In a mathematical sense, we 
have defined a continuum. This abstraction applied to a large col- 
lection of material particles sets the stage for the description of 
these particles in space and time. 

The analysis of a particulate system could be considered on 
an interparticle (i.e. fine structure) basis; however, then particle 


physics or statistical mechanics must be employed. The limited degree 


ii 
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of success in their application in civil engineéring discourages their 
consideration. Intuitively it appears advantageous to investigate 
particulate system behavior from a macroscopic, phenomenological stand- 
point. The macroscopic approach can generally be verified experimentally 
(Frederick and Chang, 1965). 

Discontinuities constitute the greatest limitation to the 
consideration of a material as a continuum. However, even in these 
cases it generally produces the most practical analysis. Often the 
discontinuities merely dictate the size of element we must consider. 
For example, a particulate system is viewed as a system filled with 
discontinuities if the element under consideration is very small. On 
the other hand, if the element under consideration contains many 
particles, the particulate system can be viewed as a continuum. 

It is the concept of a continuous medium that permits us 
to define the stresses at a point (Malvern, 1969). Considering an 
element of area on an imaginary, rigid internal plane of a continuum, 
the assumption is made that as the element of area tends to zero, the 
ratio of the force divided by the area tends to a definite limit. The 


limiting vector 
Tw == 4.1] 
is called the stress vector or traction. Advancing this concept from 


one to three perpendicular surfaces merging at a point, results in 


three stress vectors (i.e. Dips igs 7) Resolving the stress vectors 
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into components perpendicular and parallel to the surface gives nine 


stress vectors or the stress tensor at a point (Figure 4.1). The 


stress tensor, 
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applies to any continuous medium, regardless of its physical properties 
(i.e. elastic or plastic, viscous or non viscous liquids). “lpyats 
general form, it is independent of the nature of the continuum. Some 
materials, however, have properties such that certain components tend 
to zero. Solids have all nine components whereas in non viscous fluids, 
the shear components vanish. The non viscous fluids have an isotropic 
Stress tensor which is equally applicable for incompressible and com- 
pressible states. 

The stresses in a continuum vary from point to point ina 
Stressed body. Considered on an elemental basis, (extending between 
Stress points) we can relate the space derivatives of the various 
components of stress. The equilibrium of the space derivatives is 
governed by Newton's laws of statics and dynamics (Figure 4.2). Sum- 


ming the forces in the x-direction gives 


00 Chee 
Paes, oa \ sa 3K 
[o, Has dx Jdydz 0 dydz + [t,. + ay dy] dxdz 
OT oy 
- Ty ,dxdz + Lise evens dz] dxdy + F dxdydz = 0 | 4.12 


Where  F, = body force in x-direction 


o 


ast 
























ontn 2evtp sostvu2 ond oF folfeveq bas ‘Wwiyotbaagreg 23 
Oa ne ‘at 8 

oft .({.8 ovwelt) Ihteq « ts voenot azoite sft 0 2102 99¥ 

‘ Ae hab poe 


, Wo2nes 


if 7 
¥ T dD ; | 
es? oy x 
! 

j 3 T 
| Na Y 
| 
Q sy? sx? : ‘ 


2eotirysqo1g [sotevdg 2ti Yo 2esfbyspey .murbom avountsnos. yns ee 
23¢ ml .(abtuprl evoozty aon yo avooety ,ahs2siq 1a Ofse 
smoe .muuntinos sAt to swden and to taobneqsbnl 2f JF ery 
bnet einenaqnos atssy90 tend dove 2stdyaqetq svad ytevswod eet 
sbiult? evosety aon a7 2sa1sdw etionegmos enin ffs eved ebtieay y 
jigeisozt #& sve ehful? 2ueosty non od? letney. eineqoomes yee 
-02 bons sldreesrqmoont +o? ofdsotlags yi fsups et datnw toe 
. 2a3s320s 
6 nt Intog of sSnfoq mort yisv mmntinoo BS Ab Zozeetse oft? 
naowted pnibnetxe) ,2tesd [sinamefe ne no beysbt ano)» yybod4 
auorisv ant to 2avitevineo sosqe afd atsio1 ns2 ow ( 
zit esviteviieb sosge sft to mutidtitups sdf .2e9132 to 2d 
“m2 .(S.) awuphl) eotmanyd bos zottsda 1 ewsl 2'nodwol yd 


as ht ee 


7 
al 


nie ne 
a pene 








FIGURE 4.1 


THREE —- DIMENSIONAL 
POINT IN SPACE 


a hho 


COMPONENTS 


187 


AT 





188 








FIGURE 4.2 EQUILIBRIUM STRESSsee FIELDS ACROSS AN ELEMt 





The right hand side of the equation is zero if the element 
is not undergoing acceleration. Reducing the above equation gives 
d0 


OT oT 
X yx ZX 3 
OX oy dZ FY 0 4.13 





The equilibrium equation for the y and z directions can be 
written by cyclic permutation of the coordinates. The differential 
equations of equilibrium apply to any material that qualifies as a 
continuum. The equations assume that the stress components and their 
first derivatives are continuous. It should also be noted that the 


equilibrium equations are linear. 


4.5 The Element of a Muitiphase System 


In the field of soil mechanics, the choice of a proper ele- 
ment of soil has deviated from that of classical continuum mechanics. 
The element should be a cube, completely enclosed by imaginary, rigid 
boundaries or diaphrams (Fung, 1969). Biot (1955) and Hubbert and 
Rubey (1959) recognized the importance of the imaginary form of the 
element when considering the equilibrium of a multiphase system. How- 
ever, most research workers in the area of soil mechanics (Scott, 
1963; Harr, 1966; and Wu, 1966) consider statical equilibrium across 
a wavey cross-section or plane passed through the soil mass. The 
area of contact between the particles becomes small and they imply 
that this is necessary to justify the use of the effective stress 


equation. Lambe and Whitman (1969) state, "One imagines a "wavey"' 
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plane which is warped just enough so that it passes through mineral 
matter only at points of contact between particles". 'The summation 
of all the contact areas will be a very small portion of the total 
area of the plane, certainly less than one percent. 

When analysing a multiphase system in accordance with con- 
tinuum mechanics, it is sometimes necessary to compare the porosity 
of the mass with respect to volume, and the porosity with respect to 


the area of a plane. Using the conventional soil mechanics designa- 


tion for the surface passing through a soil always gives area porosity 


approaching 100 percent. On the other hand, the volume porosity may 
be only a fraction of this value. 
Consider the area porosity on an imaginary, unbiased plane 


through a soil mass. 


A 
wea 
ns h 4.14 
where A, = portion of the plane passing through solids 
A =.the area of the plane 


The area of the plane is large compared with the particle 
Size. If the soil is homogeneous, the surface area porosity is con- 
stant from a statistical standpoint. Integrating the imaginary plane 


in the normal direction gives the volumetric porosity 
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The volumetric porosity is therefore equal to the area poro- 
sity. Likewise, the jine porosity is equal to the area porosity. In 
the Russian literature, (Faizullaev, 1969) this concept is referred to 
as the "theorem of the equality of volume and surface porosities in a 
homogeneously porous medium". This concept is later shown to be of 
importance in taking into account the volume and surface forces when 
deriving the equations of motion. 

The concept of a wavey plane through the soil particle con- 
tacts has also been assumed for unsaturated soils (Lambe and Whitman, 
1969). Skempton (1960) and, Bishop and Blight (1963) use statics across 
a wavey plane to justify Bishop's effective stress equation for unsatu- 
rated soils. 

The use of a wavey plane through a soil mass constitutes a 
special type of free body diagram. It is a free body diagram for which 
the spatial variations go to zero. For example, if the stress at the 
base of an element is Oy. then the stress at the top of the element is 
generally written as Gy + 80 / OY - dy. If the element reduces to a 
plane, dy, goes to zero and we can no longer write an equilibrium 
equation that incorporates variations in space. 

The common effective stress formulations are based on placing 
equivalent force systems on opposite sides of a plane. This is actually 
an “equivalence” formulation. In continuum mechanics, an equivalence 
equation takes one stress distribution system and substitutes another 
equivalent stress distribution in its place (Truesdell, 1966b). For 


example, in a concrete beam, a triangular stress distribution may be 
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substituted for a highly complicated stress distribution. This equiva- 
lency technique is justified as Saint-Venant's principle in the theory 
of elasticity (Chou and Pagano, 1967). 

The wavey plane formulation is inconsistent with the equili- 
brium considerations in continuum mechanics and unnecessary for de- 
fining stress state variables for a multiphase system. It is the 
author's conviction that the wavey plane concept leads to misconceptions. 

Before leaving the discussion on a multiphase element, let us 
define the density terms associated with such an element. The concept 
of a “reduced" unit weight for each phase is introduced in order to 
consider each phase as a continuum. Let us designate the porosity of 
each phase OF an N-phase system as ny: Consider a fluid with a specific 
or true unit weight, cha flowing through a porous medium. The "reduced" 
unit weight is defined as the uniform distribution of the true mass 


over the whole volume, assuming the absence of the porous medium. 
PRUs THAD S SY au 4.16 


where oats reduced unit weight of the n-th phase. 


In the case of water flowing through a soil we can write, 
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where = reduced unit weight of water 
peo reduced unit weight of solids 
n = porosity with respect to the water phase 
n. = porosity with respect to the solids 


i true unit weight of water 


i aga true unit weight of the soil solids 


By definition, the sum of the porosity terms always equals one. 


By virtue of the relationship between reduced and true unit 


weights, we can write, 





The continuum theory of mixtures has developed into a complex, 
mathematical formulation. Truesdell and Toupin (1960) developed a dyna- 
mical theory of flow relative to each other in a two or more phase 
continua. They postulate equations of mass, momentum, moment of momentum 
and energy balance for each constituent. However, Green and Naghdi 
(1965) show that they have a number of conceptual difficulties in the 
thermodynamic aspects. They then re-formulate the problem in terms 


of an energy equation and an entropy inequality and "systematically 
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apply invariance conditions arising from consideration of superimposed 
rigid body motions of the whole continuum." In this thesis we are 
primarily interested in the force equilibrium as presented in continuum 
mechanics. 

In the area of fluid multiphase behavior, the mixture of two 
or more fluids is either considered as a single-phase, Newtonian or 
ideal fluid with averaged parameters or as individual fluids with 
individual properties (Streeter, 1961 and Faizullaev, 1969). The 
individual phase concept is a newer approach which takes into considera- 
tion the relative phase velocities. Each phase is considered as a 
continuum. Due to the assemblage of an unsaturated soil, the individual, 
continuous phase approach is appealing. 

Scott (1969) mentions that much of the research work in con- 
tinuum mechanics has not found its way into the soil mechanics literature. 
Schiffman (1970) references the above continuum mechanics literature 
in his evaluation of the stress components of a porous medium. In 
the case of an unsaturated soil, his analysis derives one stress 
state variable controlling behavior. It is of the form of Bishop's 
effective stress equation and is based on statical equilibrium across 
a plane passed through a soil mass. 

The approach adopted in this thesis for the equilibrium of 
a multiphase system is consistent with that used by Green and Naghdi 
(1965), Truesdell (1966a) and Faizullaev (1969). Basically, the ap- 
proach assumes that the stress fields of a multiphase system are coin- 


cident and that the stress field of one phase can be superimposed upon 
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the stress field of another phase. As long as the equilibrium equations 


contain only linear operations, the principle of superposition is appli- 
cable. The principle of superposition is generally considered in terms 
of displacements; however, it is equally true of stresses as demonstrated 
by Westergaard (1952). 

Let us now derive a general theory of equilibrium for multi- 
phase systems. Consider the force systems acting on an element of 
volume, dx, dy and dz. The sum of the surface forces on the n-th 


phase acting, for example, on the dy dz plane, is 


a(p,, dy dz)+dx 


aX 4.20 


where Pets = the resultant stress vector associated with the 
n-th phase, acting over the entire area, dydz (i.e. 


the area is perpendicular to the x-axis). 


In the y and z directions, respectively, 


3(p,, dxdz) «dy 


y and 


3(P,, dxdy ) «dz 
OZ 


In addition to the surface tractions associated with each 
phase, there are interaction forces. In the case of fluids, the inter- 


action forces acting on the n-th phase by the remaining phases has two 
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components. First, there is the drag forces associated with the re- 


lative velocities of the mediums. 


N 
jel 
where ve = velocity vector of the n-th phase 
V; = velocity vector of the j-th phase 
Kin = interaction coefficient of the n-th and the j-th 


phases. 


Second, there are forces associated with the cross-section 
variability of the tube through which flow is occurring. This is 
sometimes referred to as the diffusor effect. The projection of this 


force onto the coordinate axes gives 


p dydz + rel wiak 


p dxdz * =— « dy and 


p dxdy - =—— » dz 4.23 


where the fluid pressure acting within the element 


wo 
il 


the porosity of the n-th phase . 


= 
tl 


Defined on the basis of the total volume of the element, the 


diffusor effect forces are, 
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In the event of an interaction between two solid phases, a 
further drag or friction force could be added to the body forces al- 


ready described. There is also a gravity body force which corresponds 
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to the reduced unit weight in the y-direction. In general, the gravity 


body force is written, 
TA '. . 
ie r fe) 4.25 


where f, = unit gravity body force with components, Pa and z 


When the gravity body force is projected onto the coordinate 


axes, its components are, 


tot x 
Fax n 


n 
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The general equation of motion for the n-th phase of the 


medium is now written 








ap ap, dp dv 
nx ny nz ' rt ite F 1 
OX dy : OZ ss Pa ns e + a vi i, dt 4.2] 
where ue = mass of the n-th phase 
dv, 
ara acceleration of the n-th phase. 


When the general motion equation is resolved onto the co- 


ordinate axes, we obtain, 
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op dp op N on 
Nxz nyz nzz s. 
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+z *p =f. u 4.30 
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where u, = X component of the velocity, i. 
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z component of the velocity, 


= 
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The above equations are general and can be applied to any 
multiphase system. The surface tractions associated with each phase 
are presently written in a “reduced" form. They can be modified and 
written in terms of "true" stresses by applying a porosity correction. 
For a non viscous fluid, the shear components drop out and the normal 


components are written, 


Prxx "ne F 
Phyy = Ny * p 
Baggy Oa tak 4.31 


Since we are presently only interested in the equations of 
equilibrium (as opposed to the equations of motion), the right-hand 
side of the equation is equal to zero. Also, we are not interested 


in the velocity distribution of the fluid within each element and 


therefore the diffusor effect term can be omitted (i.e. ce drops out). 
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The equilibrium equation in the x-direction, for a non viscous 


fluid reduces to, 


N 
° oP. - e ‘~- 
n + ) K5 (4; u,) bac Pcl 0 4.32 
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The equations are similar in the y and z directions. Let us divide the 


above equation by the phase porosity. 





ent) 4.33 


The gravity body term reduces to the true unit weight of the 
phase (i.e. ‘re 

The above equations demonstrate that the equilibrium of each 
phase can be written either in terms of their "true" or "reduced" 
stress fields; however, in each case, the drag and body forces must 
be modified respectively. 

The equilibrium equations can be written for each phase of 
a multiphase system. The number of independent equilibrium equations 
is always equal to the number of dimensions under consideration times 
the number of phases involved (i.e. 3*N). It is possible to also write 
equilibrium equations for the overall element. However, the equations 
are independent only when a set of equations for one of the other phases 


is omitted. In the x-direction, the overall equilibrium equation is, 
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Normally we assume that the sum of the internal drag forces 
of a multiphase system is zero when considering the total stress system 


on the entire element. However, we must keep in mind that we have a 
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special form of the total stress equilibrium equation where the stresses 
in each phase are the real stresses and not the "reduced" stresses. 

That is, the equilibrium equations for each phase are divided by the 
porosity of that particular phase. Let us first consider the original 
form of the equilibrium equations for a multiphase fluid, neglecting 


the gravity body force. 


This equation applies for each phase and we know that the 


sum of the drag forces is zero. 
N 
> F, = 0 4.36 


The form of the equilibrium equation we are using is, 


du F 
n ioe 
s9597 = 0 aay 


The pertinent question is; Is the sum of the drag forces 


divided by their porosities equal to zero? 
F 
fiz 
ad € 0 4.38 


The answer is no. The only way it can be zero is if every 
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e is zero. Therefore, the total stress equilibrium equation must con- 


tain a drag force component. 


4.7 Fluid-Solid Multiphase 
In 1936, Terzaghi proposed the concept that the difference 


between the total stress and the pore water stress (i.e. effective 

stress) formed a stress variable that controlled the behavior of a 
saturated soil. He produced no theoretical explanation for its justi- 
fication but experimentally demonstrated its application. This con- 

cept of effective stress has remained the unifying force in the scientific 
development of soil mechanics. 

Bishop and Eldin (1950) used the superposition of two equiva- 
lent force systems on a plane through the contacts of a granular medium 
to justify the effective stress equation. They show that the area of 
contact does not come into play. Their concept of the superposition of 
two force systems is similar to the line of reasoning associated with 
the superposition of stress fields used in this thesis. 

Hubbert and Rubey (1959) attempted to prove the uniqueness 
of the difference between the total and pore water pressures by means 
of the application of Archimedes Principle. Their analysis shows that 
the fluid stress field is continuous throughout the soil particles 
(i.e. as though they were not present) by integrating around the 
particles. This is a long, involved way of proving that the water 
phase stress field is continuous. 

Let us consider an element of soil with all voids filled 


with water (Figure 4.3). The equilibrium equation in the y-direction 


SOS 

























“nod Jeum notisups muiidi|tups 2eerte istot ort 210TH ISNT -.OV9S ef o 


<tasnoqmo 9o70t psyb 6 nt it 


geerigitfuM bifoe-biula <.8y 


poneyOTTIb sAt isnt Jqsan09 sid bazogoiq fdossysT ,d£el nl 
evisoetts .s.f) eesite yedsw st0q ond bas 2eo1s2 Ietod sft noowedl 

6 to yorverad of} balfovsnoo todd sldstisv 2eo1dv2 6 bomvot (2eotds 

-tteut 2d; tot softens! qxs [sottevosdt on besubow oH .lftoe beiswinm 
-03 2fAT .nofdsorlaqs ett bedevtenomeb yf latnemtisqxs gud notisale 
ofttinefse sid of sovot pnfrytiau ent bantemes 26d 22eerde evtsostts to Jam 


.2otnsdoem [foe to Jnemqolevel 


tind . é 
“6VIUpS ows to nofsfzoqrsque sid beew (O2@T) atbf2 bns qonetd 
mifbom yslunsyp & to adossnoo sid dpvewls ensiq 6 no emeteye sov0t Jnem 


to s916 Sit Seid wore yoshT .nofisups ezeis2 avtsostte ond ytizeul ae 
TO norsfzoqyeque ods to Sqsaonoo yredT .yBiq otnt smod ton 2es0b Joss 
nitw beatsioozes pafnezsey to ont! sis od veltmt2 ef emaseye sovot © 
efeons 2ta3 nf voa eblet? eesxte to norstzoarsque 
eeonsuipinw ont svovg os betqmetts (2G) yedul bns Jysddul 

en69m yd es yweesig tteaw siog bas Ietot af? nsewted sonsrsttib ong 
Jend ewore efeyfsns vient .sfgtonit9 eebamtdovA to nofssstlaqs ond 
esiatiisq Ffroe ait Juoipuowls 2uountinos ef bist? 2ee1t2 bivft 
end bruois pnfisypsint yd (sonata t0n s19w yorit Mpuors 26 
“Yotsw ont stedt pntvorg to Yew bavloynt renof 6 2t etaT .esfo n 


iat 


ere Dict amepia 







iy “bal tt ebioy (fe Adi Thee’ Oo 30s 16 Yabtenos 20 #9) 
oi > a Bye) ame 
nottosvib-y sit nt nofisupe m _ wet) 2 


| oo oa 
| cal ee 
bad el og 





SATURATED SOIL ELEMENT 


FIGURE 4.3 


EQUILIBRIUM 
MULTIPHASE 


ACROSS 


A 


203 





WATER - SOLID 


al eeatiad 
fae —. rine 
a 7 - 


£0S 


T Soc “—— ae 
_ y _ 


ai w sat otal 





‘. wee 
d a 
ei: Amun? Gee 





204 


for the solid phase is, 


aX dy a7 n. | xdydz = 0 4.39 
where oy = normal particle stress in the y-direction 
ce = shear particles stress on the x-plane in the 
y-direction 
va = shear particle stress on the z-plane in the 


y-direction 
ss = body forces in the y-direction 
n. = particle porosity or percentage of the element 


composed of solids (i.e. (1-n,)) 


There are two types of body forces acting in the y-direction. 
First, the gravity body force or the reduced unit weight of the solids, 
Po. When this value is divided by the particle porosity, it reverts 
to the true unit weight, Yo: Second, there is the drag force of the 


water on the particles, F. This is the seepage force and is defined 


ay 
by the water phase equilibrium equation. Including the defined body 


forces, the soil solids equilibrium equation is, 


ate doy att er 
xe ay Se E sap 


For the water phase, the equilibrium equation in the y- 


direction is, 
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| Tapas | exaya = 0 4.4) 
where ma = body forces in the y-direction associated with the 


water phase. 


Again the body force consists of two components. The gravity 
body force is the reduced unit weight, Pye which reverts to the true 
unit weight, ae when divided by the water porosity. There is also a 
seepage force or a reverse of the previously defined drag force 
erty 
gives, 


). Substituting these into the water phase equilibrium equation 


set Wy es 4.42 

The fluid phase equilibrium equation assumes, as do the 
equations for all phases, that the stress field is continuous through- 
out the element. Let us further consider whether this assumption is 
reasonable. The pressure acting on part of a particle is designated 
as TY with Cartesian. components ee i and ae The components 


of the water phase surface traction on the soil particles can be 


written, 
ie ee ee 4.43 


where li direction cosine for the x-axis. 
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Equilibrium requires that sum of the forces acting on a 


body must vanish when integrated around the body, 
| cies e = [ f * . 
| | 1 dA | UM dA 4.44 


Similar reasoning is applied for the y and z-directions. 


Gauss' theorem allows the transformation to a volume integral. 
du 
| | Urv sd = | =~ © dV 4.45 
y ’ 


The partial derivative of the water pressure with respect 


to each axis forms continuous potential functions (i.e., FL = ou /dX, 


Xx 
Fy = ou 18, and Fy = du, /2z). Therefore, the water pressure 
fields are continuous throughout the element and act as though the 
particles were not present. This is referred to as the assumption 
Geecoincident stress fields. 

Our main interest in the equilibrium equations is the 
determination of reasonable stress state variables to use when des- 
Cribing the behavior of the soil structure. The equilibrium equations 


for the soil structure show that the stresses in the particles can be 


used to describe the behavior of the solids. However, the question 


arises as to wnat these stresses are in terms of measurable quantities, 


and in particular the normal stress? Obviously the soil solids equili- 
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brium equation does not immediately reveal usable stress state variables. 
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As previously mentioned, it is possible to write a third 
equilibrium equation in terms of the overall stress field. This is 
possible due to the linear nature of the equilibrium equations for 


each phase. 





OT yy vy oT, 
Spomams By ‘ = eee Fi Mery = 0 4.46 


Bitea Fs 
where gS geeh saree 
Ne MW 


Perey tet. 

oy = total stress in the y-direction 

Tey = shear stress on the x-plane in the y-direction 
Ty = Shear stress on the z-plane in the y-direction 


We now have three equilibrium equations; however, only two 
are independent. Also, only two of the normal stresses are measurable 
(i.e. o and u) With this in mind it is reasonable to choose the 
total and water equilibrium equations as the independent equations. 
Then the equilibrium equation for the soil structure can be written 
in terms of the total and water equilibrium equations. Since the sum 
of the phase equilibrium equations is equal to the total equilibrium 
equation, the equation for the soil structure can be written as the 
difference between the total and the water equilibrium equations 


(Figure 4.4). In the x-direction, the soil solids equilibrium equation 
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TOTAL STRESS EQUILIBRIUM OF AN ELEMENT OF SATURATED SOIL 





PRESSURE EQUILIBRIUM OF THE WATER - PHASE 


(dy - Uw) + 9(_ Ty- Uw) 4 
oy : 





(dy- Uw) 


STRESS EQUILIBRIUM OF THE SOIL STRUCTURE 


FIGURE 4,4 STRESS EQUILIBRIUM OF A WATER SATURATED 
PARTICULATE SYSTEM 
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Now the stress components of the soil structure equilibrium 
equation are written in terms of measurable quantities. It is obvious 
from the equilibrium equations that a change in any one of the dif- 
ferentiated stress components can change the equilibrium of the soil 
Structure. Thus it is logical to use these variables to describe the 
Stress state of the soil structure. 

The stress state variables for the soil structure are there- 
fore extracted from the above equilibrium equations. They form the 


Stress tensor, 


gi 
X WwW yx ZX 
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The normal stress components are equivalent to the conven- 
tionally defined effective stress. In other words, the so-called 
effective stress law is actually a stress state variable which forms 
a part of the stress tensor required to describe Re State of stress 
in the soil structure of a saturated soil. 

The above analysis can also be conducted when the pore fluid 
is of a compressible nature such as air. The equilibrium equation 


imietne y-direction for the soil structure-is, 


Xy ya zy a ' 
OX : ay i OZ y Teta) h Y¢ 0 4.50 
where Fay = drag force of the air with respect to the solids 
elle air porosity 


The resulting stress tensor controlling soil structure be- 


havior is, 


aera ba Pane T2x 
-u. 
ye ee eee 
T -u 
"xz yz Jawsa 


An important observation is the fact that the compressibility 
of the air does not appear in the stress tensor. This is contrary to 
the thinking associated with the modified stress variables suggested 


by Skempton (1961) . 
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The equilibrium analysis can also be conducted for a reverse 
type of model to that of the saturated soil case just analysed. In 
other words, let us assume that the water portion of the element is 
solid and Rice versa. This tends to approach a case similar to that 
of many rock materials. Proceeding with an analysis similar to that 


of the saturated soil case yields the stress tensor, 


Therefore, the same stress tensor applies regardless of the 
porosity of the material. The only stipulation is that the water is 


continuous in order that it can form a continuous Stress field. 


4.8 Air-Water Multiphase 


In Chapter I, evidence was presented to support the existence 
Of an independent phase between the air and water phases. The physical 
properties of this phase were shown to differ from those of the air 
or water. The properties of this layer allows it to be treated as a 
thin membrane that responds to the interaction of the air and water 
Phases. The element under consideration is composed of a liquid phase, 
an air phase and a contractile skin phase, and should be referred to 


as a three phase system. 
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Goodrich (1969) considers a moderately curved air-water inter- 
phase and shows that an axi-symmetric stress tensor can be used to 


represent the interphase between air and water phases. 


Pe oO 
0 Py 0 
O+ 0 PN 


tangential stress on the element and 


= 
i 
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Bo 
@ 
oa 
= 
WW 
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N stress normal to the contractile skin. 


In order for the above tensor to apply to a membrane in any 
direction, it must be set up in a natural coordinate system. The 
z-axis is always normal to the contractile skin. However, this be- 
comes difficult to compare with, and transform back to the Cartesian 
coordinate system. 

Goodrich considers equilibrium across the contractile skin 
and relates the stress tensor to the air and water pressures. 


oy ve 
u,-u,= 2 | (P2-Py) ~ dr 4.5] 


where yr = radius of curvature of the contractile skin. 


Since the contractile skin is very thin, the radius changes 


only slightly over its thickness. Therefore it is justifiable to re- 
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move the radius from beneath the integral sign and write the remaining 
integral as the surface tension. The relationship reverts to the Kelvin- 
Laplace formula for the mechanical equilibrium across a spherical inter- 


face 
eee ies Sees 4.52 


In a three dimensional analysis, there are two principal 


radii of curvature (i.e. ry and ro). Therefore, 
Uo su d= 2 ie (— + — ) 4.53 


The contractile skin acts as an intermediary phase between 
the air and water phases and its equilibrium for a general case can 
be established within the context of continuum mechanics. 

Let us consider a fictitious element of water with air 
channels throughout it that are at a higher pressure than the water 
(Figure 4.5). The element is not realistic since the air phase would 
not assume the above configuration and remain stable in the absence 
Of a solid phase. Bubbles of air in the water might appear to be a 
more realistic model; however, then the air phase is discontinuous 
and cannot have a continuous stress field. In addition, the air bubbles 
are not stable in the water in the absence of a solid. The case of 
occluded air bubbles in water does however, demonstrate the fact that 


even if the air and water pressures differ, there is no net shear 
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FIGURE 4.5 FICTITIOUS AIR —- WATER MULTIPHASE ELEMENT 
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component on the surface of the element. The components parallel to 
the surface of the element always concel. 

Reconsidering the original air-channel element, it is obvious 
that the surface of the element can have a net shear component. Ina 
sense it is not a shear component since the contractile skin cannot 
withstand shear. Rather, it is a net force in the direction parallel 
to the element surface which arises from the resolution of the surface 
tension forces that are parallel] to the contractile skin. 

A highly magnified portion of the air-water element (Figure 
4.6) demonstrates the stress fields involved. Let us assume that the 
air and water stress fields act in opposite directions. In this way 
it is possible to visualize a case where the two fields tend to counter- 
balance each other and form a somewhat more stable element. (Even if 
this assumption was not made, the final sign convention in the analysis 
would compensate for the directions of the stress fields). The equili- 


brium equation in the y-direction for the air phase is, 


du F 
ao, ere = 
dy " ‘ 3 Te 0 4.54 
a 
where Fay = interaction or drag force of the air with respect to 


the contractile skin. 


The relationship between the pressure gradient and the con- 
tractile skin drag force should more correctly be thought of as an 
interaction force. Since the viscosity of the air is considered 


negligible, it is the pressure gradient normal to the contractile 
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FIGURE 4.6 EQUILIBRIUM IN AN AIR —- WATER MUL TIPHASE 
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skin that produces the counteracting force. The same argument holds 
for the water phase. 


The equilibrium equation in the y-direction for the water 


phase is, 
OU Fy. 
yn ae hoc! 4.55 
W 
where Fy = interaction or drag force of the water with respect 


to the contractile skin. 


The equilibrium equation in the y-direction for the contrac- 


tive skin 1s, 


OT 30 OT F F 
2h be OS oka INES oar 8 Aa ee An = 0 4.56 
Y : 
OX dy adZ n n W 
C Cc 
where oy = normal component of the stress in the contractile 
Skin 
Tei and ae = shear components parallel to the surface of 


the element 


to porosity with respect to the contractile skin. 


Upon closer examination we see that the contractile skin 
stresses are components of the real stresses in the contractile skin 
(i.e. T,). The normal stress, for example, is a function of a factor 
which accounts for the geonetry of the contractile skin with respect 


to the surface of the element. 
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ay = f(cosz ) 4.57 


where by = the average angle between the normal to the surface 
of the element and the resultant of the contractile 


skin force. 


If the geometry of the air-water network were known, the 
angle, Ey could be obtained by intergrating around all the portions 
of the element. The angle, bye is actually a function of the orienta- 
tion of the element with respect to the air-channel network. Thus, 


the normal contractile skin stress can be written, 


| 
Fe S — 
= — - cos e556 
Oy t by & 
where t = thickness of the contractile skin. 


The shear components can also be written in terms of the 
surface tension by knowing the angles between them and the resultant 
On the respective faces of the element. Let these angles be designated 


as Py and a with respect to the y-direction. Then 





y 
7 
Cate iene) _ 
<faal cos oxy 
7 
Gr araeae —_ 
Ty a cos bay 4.59 
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Presently we have written three independent equations for 
the three-phase air-water multiphase. Only the air and water pressures 
can be measured and therefore the stresses associated with the con- 
tractile skin remain unknown. Since the stress fields of each phase 
are linear, it is possible to write an overall equilibrium equation 


for the combined element. 


oT 30 oT 
ey yee ' , 
seer oy tee yg Y : 4.60 
F ee F F 
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The pertinent question that arises is, What is the physical 
meaning of the total stress field? 

Actually the total stress field has no meaning when there 
are no external stresses applied to the system. The air-water multi- 
phase does not have any external forces applied and therefore all the 
phase stress fields associated with the system cancel out. In other 
words we have a self-equilibrating system. Figure 4.7 shows a simpli- 
fied Be sentation of the element in order to demonstrate the mean- 
ing of a self equilibrating system. Each stress field produces a 
resultant force on each phase. These are represented as Fas Fo and 


Fy for the air, contractile skin and water phases, respectively. The 


(oO 


eo le 


ian a sg ge 


ae 


— 











6 ow yf3nsesr4 


@ .s2eenqrttium yetew-1'5 s2sig-9s4 ; 


‘ 


ot? + boas bs wesem oe 


i. 
: ~~ on a 
: —- F fA€ ~ 
: 4 an 
if , 16s 
ow i‘ : i Gino = 
yi 
J : Silt 
- ~ 
ans TO Of 
- 
f j 
J i 1 NW wet 


arctorsd? bis betfqqs 29010t [snvsaxs yns oven jon 2908 
roito ol duo Psonso MoJ2y2 ond Altw bajstoo2zes 2bdi sit eeaws 


bi. 
-Ffamte s ewode \.A spr or entiendtitups-hoz saad 9 


169m a3 stsatenomeb oF 1b 10 nit ahenye oii to ss ag 


oy 


6 290ubo7g ye _ te. porn imag 2.2 _anisendt 





——- 

y2Oon fF 4 i2an0 ) in66 3 

, : 7 ty = a 
“oF 


“lotto |, 292g 6 ator of Hostin 
7 : & 7 _ 


brs gi “ 26 
ont 





220) 


Fa AIR 


rc CONTRACTILE 
SKIN 


Fw WATER 


TOTAL ‘STRESSky FIELD * 0 Fr 


FIGURE 4.7 £4x°SIMPLIFIED REPRESENTATION OF THE 
SELF - COMPENSATING AIR - WATER 
MULTIPHASE 
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total stress field results in a resultant force, Fe which is equal to 


Zend. 


Referring to the air phase equilibrium equation, FA can be 


written as, 


Ree sos as, 
A oy na Ya 


oT eles OT F 
ee eg ee 8 iy 
C OX dy OZ n n W 
Cc c 
and on the water phase, 
ou E 
F sal aes ly ciypai 8 Day 
Woy ny W 
For the total stress field, 
oT » 80 oT 
Ee ee ts pee 
a OX oy OZ 
cee Ne, eee , iw Ly 
ns a tne ne w on W 


4.64 


Only three of the above equations are independent. Let us choose the 


air, water and total equations as the independent equations and write 


the equilibrium of the contractile skin in terms of these equations. 


ay 





Gexz 


Since, 


m7 
iT 
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the thy 4.65 


then 


wea Fy 4.66 


Substituting into this equation gives, 


o(u.-u.) F F 
eet eWetat Ni aee wy = 
ay + 7 n + “ts 0 4.6/7 


This is a new equilibrium equation for the contractile 
skin written in terms of the air and water pressures. The suction 
component pve) becomes the stress state variable for the contrac- 
tile skin. 

An abbreviated manner in which to view the above analysis is 
as follows. First, orientate the element such that the normal stress 
on the contractile skin becomes a principal stress. Since the total 


normal stress is equal to the sum of the components we can write, 
Ge = i the + o° 4.68 
a w 


For the self-equilibrating system, the total stress is zero. 


Therefore, 
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In the x-direction, the equilibrium equation is, 


1 CT ee oa F 
aeere ls a Ns 0 4.70 
. Cc 
and in the z-direction, it is 
atua-4y) + Faz a Faz =o) 4.7] 
Oz n No E 


When the stress state variables for the contractile skin 
are extracted from the equilibrium equations, they form an isotropic 


stress tensor. 


The stress tensor shows that the matric suction can be used 


to describe the behavior of the contractile Skin. 
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4.9 Unsaturated Soil Case 

“An unsaturated soil element can be treated as a combination 
of the water-solid and the air-water multiphase systems. It is possible 
to write a linear independent equilibrium equation for eacn of the four 
phases. Therefore, the overall system also has a linear stress field. 
In terms of total stresses, the equilibrium equations in the x, y and 


z-directions are, 


acs OT OT - 
ey ee a 
re + ay =F ne a F, | exavae 0 4/2 
OT | 30 OT 
EsAy, ey Gee 2 ' i 
; eek 5y + aoe as 4 dxdydz = 0 4.73 
OT OT 30 
eee VA 7 Z. hacia 
| = + 5y + i + Fy | axa 0 4.74 
| 
where Y = Y 
n=] f 


Figure 4.8a shows the forces associated with the water phase. 
Assuming that the contractile skin behaves as a stationary membrane, 
‘there is an interaction force between the water and the contractile 
Skin. Let the interaction force be represented by a body force de- 
Signated as Fe There is also an interaction force between the water 


and the soil particles, F.. The equilibrium in the x-direction is 
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4.8 a EQUILIBRIUM OF THE PORE WATER PHASE 





48 EQUILIBRIUM OF THE PORE AIR PHASE 


FIGURE 4,8 EQUILIBRIUM OF THE FLUID PHASES OF AN 
UNSATURATED SOiL ELEMENT 
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In the y-direction, 
ou F Fant te 
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5y Be : haa - | dxdydz = 0 4.76 
W W 
In the z-direction, 
ae WZ iz | 
—— - SS - — =! dxdydz = 0 4.77 
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Figure 4.8b shows the forces associated with the air phase. 
Let the interaction force between the air and the contractile skin 


be designated by the body force, F 


oe 

- Qu F 

a ax b, 

ae a | dxdydz = 0 4.78 

In the y-direction, 
ou F 
oS. BAS 2 
| aces | dxdydz = 0 4.79 


and in the z-direction, 





dxdydz = 0 4.80 


Summing in the x-direction gives, 
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(4a) 
Next the contractile skin is considered as an independent 


phase. Three body forces interact with the contractile skin. The 
contractile skin interacts with the soil particles producing an inter- 
action force, Bes The drag of the water and air on the contractile 

skin are if and Ee respectively. Summing the forces in the x-direction 


gives, 








C C C 
d0 OT oT F : 
X X ZX WX ax Cx : 
OX - oy + 2 : n n hs dxdydz = 0 4.8] 
C C C 
In the y-direction, 
dT Bo” + aT. F F F 
TOES ES TRI ER WY ae Oy eh) © 
ae Mayers ag erg The nt qT axdydz = 0 4.82 
c C C 
and in the z-direction, 
c c C 
pot OT 00 F F F 
XZ yz Z We oe CZ as 
i PEAS eee : ne | axayee 0 4.83 


Similarly, equilibrium equations can be written for the soil 
solids. Once again there is an interaction force, bas between the 
contractile skin and the soil structure. In addition, there is an 
interaction force of the water on the soil structure, F.. In the 


x-direction, the equilibrium equation is, 
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In the y-direction, 


aye Dy Rise ro He peat n. - n | dxdydz = 0 4.85 





Cth mete ) San Ff. ee 
KAZE we Yee egy 12 | Ce " 
yay ee nT dxdydz = 0 4.86 


We have now written five equilibrium equations for the four 
phase system and therefore one of the equations is redundant. If we 
omit the equilibrium equation for the soil structure, its equilibrium 
can be written in terms of the difference between the total stress 
field and the stress fields of the remaining phases. The resulting 
equilibrium equation for the soil structure contains the stress vari- 
ables for the contractile skin. Likewise, if the contractile skin 
equilibrium equation is written in terms of the total stress field 
and the stress fields for the remaining phases, it contains the particle 
Stress field which is also an unknown. Thus, there is an inter-re- 
lationship between the soil structure and the contractile skin equili- 
brium equations. 

The above difficulty is readily resolved by uncoupling the 
unsaturated soil problem into a water-solid multiphase and an air- 
water multiphase. When this is done, the only difference between the 
present equations and previously developed equations is the inter- 
action force between the soil structure and the contractile skin. Con- 


Sider first the soil structure equilibrium equation. 
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By uncoupling the multiphase system and reconsidering the 
previous water-solid analysis, the equilibrium equation can be written 


(Figure 4.9) 


oT d(o.-u ) at fs F 
ee ee ey Na ene” Lion ‘ 
Ox 7 oy ; az 3 Y¢ + ne n. 0 4.88 
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Similarly, the contractile skin equilibrium equation can 


be re-written for the uncoupled multiphase system. 


d(U =U F F é 
j ea Race 4.89 
oy Je Ws W Ne . 


Solving for Fey and substituting into the soil structure 


equilibrium equation gives, 
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This equilibrium equation applies for both the soil structure 
and the contractile skin. The equation is simplified by lumping. the 


body forces. 
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4.9 a EQUILIBRIUM OF THE CONTRACTILE SKIN 


(Oy- Uw) + Be ay 





(Vy- Uw) 


4.9 b EQUILIBRIUM OF THE SOIL STRUCTURE 


FIGURE 4.9 EQUILIBRIUM OF THE CONTRACTILE SKIN AND 
SOIL STRUCTURE FOR AN UNSATURATED — SOIL 
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In the z-direction, the equilibrium equation is, 
oT oT d(o_-u.) on d(u_-u_) 
XZ yz ee a ow rae 
aX i oy : dZ ne OZ tof 0 4.93 


An examination of the equations reveals that two normal 
stress state variables are involves in describing the equilibrium 
of both the soil structure and the contractile skin. They are linked 
with the assistance of the ratio of the contractile skin and soil 
solids porosities; however, this is an unknown which does not warrant 
attempts at its assessment. The inclusion of the porosity ratio is 
also not in keeping with the usage of stress state variables in con- 
tinuum mechanics. Extracting the stress state variables for both the 
contractile skin and the soil structure from the equilibrium equations 


gives, 
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and u_-U 0 0 


The above stress tensors (Figure 4.10) contain only quantities 
that can be measured. Therefore they can readily be used in the con- 
stitutive relationship for mapping the deformation of the soil structure 
and the contractile skin. 

The stress state variables associated with the fluids can be 
used to describe their flow. Re-examination of the equilibrium equations 
for the air and water phases confirms that one isotropic stress tensor 


controls equilibrium. For the water phase the stress tensor is 
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FIGURE 4.10 STRESSES IN THE SOIL STRUCTURE AT 
A POINT 
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The above analysis has considered the equilibrium equations 
by using the water phase as a datum. The physical assemblage of an 
unsaturated soil system indicates that this is a logical choice. How- 
ever, when considering the equilibrium of stress fields, the air phase 
could also be used as a datum. Physically, this can be visualized by 
considering that the net load transferred to the soil structure is the 
difference between the total and air pressures. The soil structure and 


the contractile skin then have the following stress tensors. 


XZ Lye mba 2 ae 
and 
UU, 0 0 
0 Un, 0 
0 0 uu, 


There is no apparent reason why the total stress could not 
be used as a reference. The stress tensors for the soil structure and 


contractile skin equilibrium equations are then, 
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In each of the above cases, the equilibrium equations are dif- 
ferent but consistent with the force equilibrium of the element. Thus 
it appears that any two of the three possible stress tensors can be 


used for the analysis of the volume change problem. 


4.10 Limiting Stress State Conditions in Unsaturated Soils 

In order to ensure stable equilibrium at all times, certain 
restrictions must be observed. For example, we know that a saturated 
Soil mass becomes unstable when the effective stress reaches zero. 
At this point the soil "quicks" and a further increase in water pressure 
results in a "geyser". For a stable, saturated soil mass the limiting 
condition or restriction dictates that the water pressure must be less 
than the total stress (i.e. o > u,) 


For the unsaturated soils there is also a hierarchy with re- 


“Spect to the stress components. For example, if the air pressure is 
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momentarily increased in excess of the total stress, an “explosion" of 
the sample can occur. Also, if the water pressure is increased in 
excess of the air pressure, the soil continually increases in degree 
of saturation (approaching 100 percent) and steady state seepage takes 
place through the sample. The sample has reverted to a two-phase system. 
If the water pressure is equal to the total pressure, the sample again 
becomes completely unstable. 

The hierarchy of the stress components in an unsaturated 
soil 1s'o > ake This corresponds to the following limiting con- 


ditions, o = u_. and/or u,_ = U- At the limiting conditions, one of 


a a 
the stress state variables vanishes. 

Back pressure oedometer tests and pressure plate suction 
tests are examples of tests performed under limiting conditions. 
(See the example calculations in Figure 4.11). Consider the nedonet a 
test performed, with a back pressure on an initially unsaturated soil. 
With time, the degree of saturation tends to 100 percent. The suction 
becomes zero. Since one stress state variable is zero, the behavior 


of the sample can be described in terms of one of the other stress 


state variables. The limiting condition (i.e., u, = u 


: ? ensures a 


Smooth transition from the unsaturated case to the saturated case. 
The sample in the pressure plate suction device can be 
visualized as being surrounded by a rubber membrane. The pressure 
applied to the exterior of the rubber membrane (i.e., total stress) 
is equal to the interior air pressure. Therefore, the difference 


between the total stress and the air pressure is zero and one stress 
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state variable (o-u,) drops out. One of the other two stress state 
variables can be used to describe behavior. The most logical stress 


state variable to use is (u,-u However, since the soil is saturated, 


w) 
it is more correct to consider the air pressure as a total stress. 
Actually, the contractile skin forms a perfect substitute for the 
rubber membrane. 

Considered in the above sense, the back pressure oedometer 
and pressure plate oedometer and pressure plate suction tests are 


limiting tests or special cases of the more general case where 


> > ° 
0 u. U5 


4.11 Comparison of the Derived Stress State Variables With Previous ly 
Proposed Effective Stress Equations 


The force equilibrium approach to the theoretical justifica- 
tion of the stress state variables for describing soil behavior is 
basically different than that used by other research workers. Their 
search was for one effective stress equation and was based on the con- 
Sideration of a plane passed through the soil. The approach used in 
this thesis involves the extraction of independent stress state vari- 
ables from equilibrium equations. The analysis of the unsaturated 
Soil system is conducted within the context of continuum mechanics. 

Bishop's effective stress equation has been the most widely 
accepted equation used in the analysis of unsaturated soils. The 
author does not completely agree with its formulation or its applica- 


tion, and will attempt to show why it has experienced only a limited 
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degree of success. 
Let us reconsider the equilibrium equation for the soil 


structure and the contractile skin. 


OT d(o -u) at n. d(u_-u_) 
REAPS SEP O ny PONeZy Tense. Kedtiwil = 
eee dy are n. dy oe ae gree 


Although the equilibrium equation is written in terms of 
(o-u) and (u.-u), it could also be derived in terms of the (o-u,) 
and (u,-u,,) stress state variables. The body forces change bui: the 


equation maintains the same form. 


oT d(o -u_) at n d(u_-u_ ) 
eS Ses Se eee shelize Bouhyell ! = 
are ay too 4 (1 ne) Ny + Fi +y=0 4.95 


For the case of an isotropically loaded soil, the shear 
stresses disappear. Let us also neglect the body forces. The equili- 


brium equation reduces to 


Since both terms of the equation are differentiated with 
respect to the same value, we can combine the terms within one bracket 


provided we recognize that (1 - n/n) is a constant. 
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Only the integrand needs to be satisfied. The integrand is 
similar to Bishop's equation if we set y = (1 - n/n). The equations 
can be written for each coordinate and y is a constant provided the 
soil is isotropic and homogeneous. (Recall that fa bee iki} also 
assumed isotropic loading conditions). Reverting to the general case 


with shear stresses, the apparent stress tensor has the form, 


) T si 


oO -u_ty.*(u_-u 
K Ya Xx ( a W yx zx 


X 


"yy Tzy 


ae ‘yz o,-Ustx,* (uu) 
The author is quick to emphasize however, that he does not 
agree with using a stress tensor which has the independent stress 
State variables coupled. First, it is outside the context of continuum 
mechanics to involve soil properties with stress state variables. Se- 
cond, it is unnecessary to incorporate a linking factor that in no 
way facilitates the solution of problems. Problems are as readily 
analysed in terms of two stress state variables and in addition it 
is unncessary to evaluate the linking factor. 
In 1970, Schiffman presented a report in which he theoretically 
derived Bishop's equation for unsaturated soils. He first considers 
an unbiased plane passing through an elementary volume. However, 


later in the report he sets the same porosity term to zero since "the 


actual grain to grain contact is small as compared to the total unit". 
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Thus, he uses this inconsistency to advantage when he wants 


the porosity term to be one in the effective stress equation. 
Schiffman states that he is “considering a three-dimensional 
geometry". He writes an “equivalence” statement in terms of the 
stresses acting on a plane through a multiphase element. Writing the 
equation in a tensor form makes it appear as though it is a three- 
dimensional analysis. 
The total forces in the y-direction for an unsaturated soil 


element are written as, 


F = Fe + FY + Fe 
y y a a 4.98 
where FP = force on the solid phase 
FY = force on the water phase 
and F* = force on the air phase. 


The terminology used in this discussion is similar to that 
used in Schiffman's report, however, engineering notation is used. 
Figure 4.12 shows an element with the variation of each force field. 
The total area of the surface of the element is unity and the volume 
of voids is n. The portion of the plane passing through the water is 


x. On the base of the element, the force on the solids is, 


(1-n) oP dxdz 4.99 


The force is x * us dxdy on the water and (n-y) > uy, ? dxdz 
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on the air phase. 


At this point, the author departs from Schiffman's presenta- 
tion and considers the force equilibrium of the element in Figure 
4.12. Assuming that each force field is continuous, the forces at 
the top can be written in terms of the forces at the base plus the 
rate of change of the forces times the thickness of the element. 


Summing the forces in the y-direction gives 


p 
clone eek tipo s 
(1-n) ay + x ay + (n-y) ar | dxdydz = 0 4.100 


Only the integrand needs to be satisfied 


As (1-n) oP + fear (n-y) * U 


ay =o 4.10] 





The portion in the bracket is similar to Schiffman's equation. 


a aa Wel ls ee 4.102 


a| 
i 


where solids stress averaged over the element 


total stress. 


Q 
Hl 


The average solids stress is made synonomous with the ef- 
fective stress and the porosity is set equal to one. Then the equation 
reverts to Bishop's form. However, when the porosity goes to one, the 


stress in the solids becomes discontinuous. 
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4.12 Experimental Evidence in Support of the Proposed Stress State 


Variables 

To the author's knowledge, no direct tests have been performed 
to prove the stress state variables that satisfy equilibrium at a state 
point. The verification of the stress state variable for saturated 
soils has been arrived at by intuition and observing constitutive and 
shear strength behavior. Tiller (1953) produced a family of compress- 
ion curves for kaolin tested at various total and pore water pressures 
(Figure 4.13) He was demonstrating the dependence of porosity on 
total and pore water stress; however, all curves coincide when porosity 
is plotted against the difference between the total and pore water 
stress. In 1955, Laughton showed that the area of contact between 
the particles did not affect the stress state variable for a saturated 
soil (lead shot). Lowe III, Zaccheo and Feldman (1964) performed two 
one-dimensional consolidation tests on a natural, saturated, organic 
silt; one with zero back pressure and the other with a water back 
pressure of 4.32 tons per square foot (Figure 4.14). The two tests 
show essentially identical results when plotted versus effective stress. 
Bishop, Webb, and Skinner (1965) performed strength tests on lead shot, 
sand and calcite using total stresses as high as 5000 psi. However, 
the pore water pressure was always increased in order to keep the 
effective stress at 50 psi. The strengths were unaffected by the 
Change in total stress. 

In testing unsaturated soils, Hilf (1956) proposed the axis 


translation technique to measure soil suctions less than one atmos- 
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PRESSURE ~ TONS /SQ FT. 
5 10 


PUERTO CORTES, HONDURAS 
BORING 7U-SAMPLE SP3 
AUGUST I6, I96I 


1.75 


VOID RATIO 





0.75 
- VOID RATIO vs. LOG OF PRESSURE 
















CLASSIFICATION: GRAY ORGANIC SILT (OH) 
Pe a a ee ae ae eT 
[DRY UNIT WEIGHT-Ibs/ft.> 62.3 | 63.3 
INITIAL WATER CONTENT-% [64.3 | 62.0 | 
FINAL WATER CONTENT-% | 41.9 | 398 
FINAL VOID RATIO. «| ~t.i20| ‘(1.020 | 
INITIAL DEGREE OF SATURATION % | 100 | 99.7 __ 
FINAL DEGREE OF SATURATION % | 100 | 100 | 
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FIGURE 4.14 TYPICAL @ -LOG P CURVES 
FROM “CONSOLIDATION TESTING WITH BACKPRESSURE “ 
BY J. LOWE I,PF ZACCHEO & H. FELDMAN (1964) 
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phere. He performed null type pressure plate tests with various applied 
air pressures (Figure 4.15). The measured pore water pressure reaction 
was always essentially the same as the applied air pressure change. 

In other words, the suction remained constant. In retrospect, this 
technique is a special type of null test for unsaturated soils. It 

is a null test for the case when the applied air pressure is equal to 
the total pressure. Actually, Hilf was changing the total, air and 
water pressures by the same amount. The fact that the translation 
technique was successful infers that no volume change must have taken 
place in the total volume of the sample. However, measurements are 

not available to verify this point. 

In 1960, Lowe and Johnson presented the results of a back 
pressure test on a sandy clay with an initial degree of saturation 
of 88 percent (Figure 4.16). They measured the total and water volume 
changes as the back pressure and cell pressure were increased. Water 
moved into the sample but the total volume of the sample first decreased 
and then tended toward its original volume. Although the test was 
performed to show the effect of back pressuring, the technique is 
similar to that proposed in this thesis for proving the validity of 
the stress state variables. 

In 1961, Bishop and Donald presented the results of a special 
triaxial test performed on an unsaturated Braehead silt. Skempton 
(1961) stated that the Bishop and Donald experiment verified Bishop's 
effective stress equation. This experiment is the only known attempt 


to explicitly define the stress state variables controlling the behavior 
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of an unsaturated soil. The results are reproduced in Figure 4.17 and 


the pressure changes are summarized in Table IV.1. 


TABLE IV.1 
DATA FROM THE BISHOP AND DONALD'S TRIAXIAL 
EXPERIMENT ON BRAEHEAD SILT 








Portion of , Confining Air Water Change in 
Stress-Strain Pressure Pressure Pressure Each Pressure 
Curve 0(psi) u, (psi) u_ (psi) (psi) 
W 

] 6.5 4.5 - 4.0 0.0 

2 hve 9.2 + 0.7 + 4,7 

3 2.0 0.0 - 8.5 - 9.2 

4 16.0 14.0 + 5.5 +14.0 

5 16.0 14.0 + 9.7 


*Portions 1,2,3 and 4 produced monotonic behavior. 


The results show that when the total (confining), air and 
water pressures are changed by equal amounts, the stress-strain relat- 
jonship remains monotonic. The pressure changes satisfy Bishop's form 
of an effective stress equation; however, other forms and combinations 
of pressures are also satisfied. Table IV.2 applies Bishop and Donald's 
data to three possible combinations of stress state variables. The 
results infer that all three combinations form possible stress state 


variables to describe the strength behavior of the soil. 
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No total volume change was evident at the points where the 
pressures were changed. However, the data is not sufficiently accu- 
rate and complete to verify this with any assurance. For example, 
even when the pressures were not changed in an equal manner (portion 
5), no overall volume change was noted. In addition, only the total 
volume change readings are presented and there is no record of changes 
in air or water volume. The Bishop and Donald experiment is most 
significant from the standpoint of stress state variables; however, 
it does not specifically consider stress equilibrium at a point under 


accurately controlled conditions. 


4.13 Proposed Experimental Verification of Stress State Variables 


Independent stress state variables have been proposed for 
multiphase systems, based on a consideration of equilibrium stress 
fields. Now it is desirable to develop an experimental technique to 
verify the stress state variables at a point. 

The author proposes the following definition and proof of 
independent stress state variables: 

A suitable set of independent stress state variables are 

those that produce no distortion or volume change of an 

element when the individual components of the stress 

state variables are modified but the stress state vari- 

able itself is kept constant. Thus the stress state 

variable for each phase should produce equilibrium in that 
phase when a stress point in space is considered. 


Any proposed tensor can be considered with respect to the 


_ 
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following question. How can the individual components of the state 
variables be altered without changing the overall stress tensor? 

The alteration of any one stress state variable should destroy the 
equilibrium of the system. Consider the stress tensor for a satu- 


rated soil 


An increase in the total stress in the x-direction accompanied 
by an equal increase in the water stress should not affect the upper 
left stress state variable. However, it is impossible to increase the 
water pressure in only one direction and therefore all the diagonal 
stress state variables are affected. The problem is overcome by in- 
creasing the total stress in all directions. Thus, a test involving 
an increase in all normal stresses and an equal increase in the water 
stress, should prove or disprove the validity of the stress tensor. 
This test is somewhat analogous to the conventional B parameter test 
where the pore water pressure is measured as an undrained system. A 
more direct approach for the problem at hand is to operate all phases 
as an open or drained system and monitor tendencies for volume change. 
Therefore, the test required to verify (o-u,) as the stress state vari- 


able for a saturated soil can be stated as follows: 
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Ao = aly = Ao, = Aus if the change in the soil structure 


is zero, the proposed stress state variables are verified. 


Since the shear stress components have only one variable, 
it is impossible to alter them and remain at the same point in space. 
In the case of an unsaturated soil, there are two stress 


tensors proposed for both the soil structure and the contractile skin 


(i.e.) 


"xz VZnEe elke 
and L u-4y 0 0 

0 vat 0 

0 0 ia 


To test the first tensor, all the total stresses can be in- 
creased or decreased by an equal amount along with an equal increase 
or decrease in the water pressure. However, the change in the water 
pressure disturbs the equilibrium of the second tensor. To maintain 
the second tensor in equilibrium, the air pressure must also be in- 
creased or decreased by an amount equal to the water and total 
pressures. This test should satisfy the equilibrium of both the soil 
structure and the contractile skin. In other words, if all phases 


are operated as a drained system, there should be no tendency for 
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volume change of the overall sample and no change in the degree of 


saturation. The test can be stated: 
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Ao = Au = Au. ; If AV = 0, equilibrium of the soil structure 


a 
is maintained. If AS = 0, equilibrium of the contractile 


skin is maintained. 


These tests are termed NULL tests since the desired result 
of the changes in pressure is to not produce a process in the phase 
or phases under pe eiderabion: Thus, an attempt is being made to 
measure "no volume change" or a continuing equilibrium state. It is 
difficult to measure zero volume change over an extended period of 
time. Therefore, scientific judgement and discretion must be used 
in analysing the test results. 

Positive results (i.e. no volume change) from the above 
null test would also place approval on the use of other combinations 


of the stress tensors. 
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Other tests can be envisaged to prove that other combinations 
of the phase variables do not form unique stress state variables 
(Table IV.3). These tests should produce a change in the overall 


volume and/or a change in the degree of saturation. 


TADLEIV oe 
POSSIBLE TESTS TO PROVE AND DISPROVE 
INDEPENDENT STRESS STATE VARIABLES 


Independent Stress State Test to prove or 


Variable Combination disprove uniqueness 

O-ua ui-u, Ao=Au =Au, 

O-U Ue Ao=Au, -Au. 

ue un Ao= Au =Au, 

O uo, ware 

U. o-U Ao=AU 

UW o-U, Ao=Au. 

otU.-U Aot+Au, tu =0 
otu,-u, u. Ao=Au, 

atu, -U, UW Ao=Au, 


*The test verifies the stress state variables if there is no volume 
Change or change in degree of saturation. 
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4.14 Discussion of Null Tests 

The null test results are an important aspect of this thesis 
since they either prove or disprove the validity of the proposed stress 
state variables. Tee ures State variables form the basis for the 
analysis of the volume change problem. A detailed analysis of the 
null tests is presented in Appendix C while only a summary is given 
here. 

The key question considered during the analysis was; Does 
any process or volume change occur as a result of the changes in 
pressures? If some volume change is measured, an attempt is made to 
ascertain its cause. Some of the main factors considered with respect 
to possible volume changes are: 
(i 


i) test procedure 
(ii 


) 

) air diffusion through the water 
(iii) water loss from the sample 

) 


(iv) secondary consolidation. 


In the null test program a series of tests were first per- 
formed on saturated samples and then a series was performed on unsatu- 
rated samples. All volume-weight relationships and pressure changes 
are presented in Appendix C. A summary of the test program is shown 
in Table IV.4. 

The first fifteen tests on the saturated samples involved 
changing the total and water pressures and monitoring the water and 


overall sample volume changes. The tests on the saturated samples 
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(Section I) served to assess the reliability of the test procedure 
and equipment for a known case. The first few tests showed that small 
amounts of entrapped air in the sample resulted in significant total 
and water phase volume changes. After the testing technique and the 
means of removing entrapped air were improved, the results were more 
satisfactory. The last set of null tests indicated a total volume 
change of approximately 1.8 percent of that estimated for a corres- 
ponding effective stress increase. The corresponding water volume 
change was approximately 0.4 percent. These volume changes do not 
reflect any limitation in the effective stress variable for a saturated 
soil but rather indicate testing technique limitations. The immediate 
total volume changes are related primarily to entrapped air and mea- 
suring system compliance. Long term volume changes are related to 
slight amounts of secondary compression of the soil structure and com- 
pression of the pore fluid. The results are sufficiently accurate 
to verify the stress state variables for engineering purposes. 

In the tests performed for Section II, the top of the satu- 
rated samples were subjected to an air pressure. The total and water 
volume changes were monitored on all tests. With regard to the testing 
technique, there was some difficulty in applying all three pressures 
simultaneously. In the one-dimensional oedometer, the air pressure 
took a few seconds to build up. As a result, the sample underwent 
a slight immediate compression. A second problem was the diffusion 
of air through the water phase of the sample. This was reflected as 


water leaving the sample. However, the overall volume of the sample 
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remained essentially constant. Figure 4.18 shows typical results. On 
the more carefully controlled tests, the total volume change over a 
period of several days was less than 0.1 percent for a 10 psi pressure 
increase on a soft, saturated soil. This is approximately 2 percent 
of that anticipated for a corresponding change in effective stress. 

A total of nineteen null tests were performed on unsaturated 
samples. Even the first few tests performed showed remarkably low 
volume changes. There was a slight tendency for some water to go 
into the sample during the early stages (i.e. up to 100 minutes) of 
the test but later there was evidence of a slight volume of water 
leaving the sample. The phenomenon is readily understood when we 
realize that at the moment the pressures are applied, two secondary, 
transient processes commence. The air starts to diffuse through the 
water primarily from the top of the sample while the water tends to 
compress the occluded air bubbles from the bottom of the sample. The 
entrapped air bubbles appear to be compensated for fairly readily 
whereas with time the diffusion process reverts to a steady state 
process. 

During January of 1972, a new triaxial apparatus was de- 
signed with more complete data acquisition capabilities. The null 
test program was used to simultaneously assess the performance of the 
apparatus and perform further precise null tests. Two new problems 
were encountered. First, there was a delay in the application of the 


cell pressure which allowed the upper load cap to be lifted from the 
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sample at the start of the test. Second, there was a slow leakage of 
water through the rubber membranes surrounding the sample. The first 
problem was overcome by using a surge tank to rapidly increase the 

cell pressure. The second problem was overcome by means of a composite 
membrane consisting of two rubber membranes separated by slotted aluminum 
Fol: 

The last set of null tests (i.e. (N-35) to (N-41) were per- 
formed on Triaxial Apparatus No. 2 with the procedural problems solved. 
Figures 4.19 to 4.21 show the results of null tests N-35 to N-40. 

The results show essentially no volume change in either the total 
sample or the water phase. Expanding the volume change scale by 10 
times (Figure 4.22) shows that the results are approaching the accuracy 
of the measuring systems. The volume changes after one day are within 
One part in ten thousand. The total volume changes were approximately 
0.3 percent of the estimated volume change from a corresponding (o-u,) 
increase. The water volume changes were approximately 2.5 percent 

of those estimated for a corresponding (u,-u.) decrease. Even when 
taking into account the increased stiffness of the samples, the two 
stress state variables for the unsaturated soils are verified at 

least as conclusively as the effective stress variable was for the 
saturated samples. 

The means and standard deviations for all the loading and 
unloading nul] tests performed on sample #31 are presented in Figure 
4.23. The standard deviations of the total volume changes completely 


mask any process that may be taking place over the entire set of null 
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5 269 
tests. The water volume changes indicate a slight increase in the 


water volume but do not show any consistent evidence of a process. 

These results are extremely encouraging and supply the 
necessary evidence to state with assurance that the proposed stress 
state variables can be used as the basis for formulating the volume 
change analysis in unsaturated soils. That is, any two of the follow- 
ing three stress component combinations, 


(i) o- U 


can be considered as the stress state variables for an unsaturated 


soil. 


stsorbnt espnsio smufov is3sw ont .2m% 
ins woz ton ob sud saulov 
faa | fpsvoons vieme13xe 916 2s fuesy s2arnT 


. be — as ina ie & & a 
teat sons wees ditw stsze oF sonsbditvs V162299% 


A 


Da 


2t2 id 26 bsev od nso 2e[dsiisv 
et Js [foe bets wwidsenw ot eteyfens spam 
dios jnsnoqmes 2zsyt2 ss B 
v-o (fH 
“i =O (rt) 
cyt > (FFE) 


» 
sist2 zesxt2 oft 25 bavsbtznos sae 


a 





270 


CHAPTER V 
DEFORMATION ANALYSIS OF MULTIPHASE SYSTEMS 


5.1 General 

Chapter IV presented the analysis of stress for an unsatu- 
rated soil. The soil was visualized as consisting.of two solid phases 
(i.e. soil particles and contractile skin) and two fluid phases (i.e. 
water and air). There were eight unknown stress variables (o, Oy» 


Oey TC oak Rear 


Poa ecZe “7X U, and u) involved in the equilibrium equations 


for the soil structure and the contractile skin. However, in each 

case there are only three equations relating them. To.completely 
describe the volume change behavior of an unsaturated soil element, 

both the soil structure and the contractile skin must be considered. 
Obviously, more information is required to formulate and solve problems. 
The additional information is supplied by the deformation-displacement 
equations and the constitutive relationships. 

The deformation-displacement analysis involves the "mapping" 
of the movement (translation) of points or particles. In soil mechanics, 
the soil structure is often assumed to behave as a linearly elastic 
continuum and the deformation-displacement formulation is consistent 
with that employed in the elasticity of solids (Biot, 1941). In the 
case of the contractile skin, however, the author is unaware of any 


complete and satisfactory deformation-displacement analysis. Probably 
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this is due to the unusual nature of the contractile skin. In this 
chapter, an attempt is made to provide a complete deformation-dis- 
placement formulation applicable to unsaturated soils. 

Basic to the study of the contractile skin is the assumption 
that it behaves as a solid (Fung, 1969; Goodrich, 1969). The justifi- 
cation for this assumption lies primarily in the fact that forces 
applied to solids cause deformations that come to equilibrium whereas 
forces applied to liquids cause continuous deformation or flow. Since 
the contractile skin in an unsaturated soil comes to equilibrium under 
the application of forces, it is assumed to behave as a solid with 


air and fluids on either side. 


9.2 Deformation Analysis Literature Review 


As early as 1941, Biot made commendable contributions to the 
deformation analysis of unsaturated soil systems. His presentation 
of three dimensional consolidation was based on the following assump- 
tions of interest with respect to the deformation analysis. 

(i) isotropy of the material 
(ii) infinitesimal deformations 
(iii) water in the pores'is incompressible 


(iv) the water may contain air bubbles. 


The deformation of the soil structure was assumed to corres- 
pond to a linear elastic solid. Biot pointed out that this did not 
constitute a complete deformation description of the macroscopic un- 


saturated soil element. He suggested an additional deformation vari- 
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able to designate the amount of water in the pores. Theta, 6, was 
used to denote the increment of water as a ratio of the total volume. 
Since all deformations are assumed to be small, the relation between 
the soil structure and the water phase may be taken as linear in the 
first approximation. | 

In 1955, Biot considered the case of a porous anisotropic 
solid containing a compressible viscous fluid. He defines the de- 
formation tensor for both the soil structure and the fluid phase. He 
states, "The solid skeleton is considered to have a compressibility 
and shearing rigidity, and the fluid may be compressible. The de- 
formation of a unit cube is assumed to be completely reversible. By 
deformation is meant here that determined by both strain tensors in 
the solid and the fluid which will now be defined. The average dis- 
placement components of the solid is designated by Uys Uys u> and 
that of the fluid by Uys U_> and U,'. 

The normal deformation component for the soil structure takes 
the form ae = du, / 9x and the shear deformation component takes the 
form iy = du, / Ox + ou, / dy. The norinal deformation component for the 


viscous fluid takes the form e! = OU, /9x and the shear component is 


bd 
Xy 
irrelevant for the case of non viscous fluid (Biot, 1957). The non 


viscous fluid dilation is written as ef = 3U/3x + BUY / By + dU, /9z. 


Veta © 8U,/8x + dU / dy. The shear deformation in the fluid becomes 


Biot points out that this "is not the actual deformation in the fluid 
but simply the divergence of the fluid displacement field...". 

Bishop (1957) considered the compression of an unsaturated 
soil in an undrained test. The change in volume was due to the com- 


pression of the air and the dissolving of air in the water. The change 
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in volume of air was presented as a ratio of the total volume. Hilf 
used a similar approach in 1956. Coleman (1962) used two deformation 
variables to represent the volume change behavior in an unsaturated 
soil. These were the change in volume of water with respect to the 
total volume and the change in total volume with respect to the 
total volume. 

Radhakrishna (1967) made a thorough analysis of the state 
of deformation in an unsaturated soil. He used the Eulerian defor- 
mation tensor for the soil structure. Due to the elastic-plastic 
nature of soil, he proposes an incremental deformation tensor which 
can be subdivided into a volumetric deformation increment and a de- 
viatoric deformation increment. Since the volumetric and deviatoric 
deformations must be referenced to some initial soil properties, 
Radhakrishna proposes that volume-weight relationships be used to 
map the state of an element. The mapping of the movement of a "state 
point" under the influence of any or all of the "state parameters" 
produces a "state path". He uses void ratio, water content and de- 
gree of saturation for mapping and terms them "state point functions". 
If the "state point function" uniquely represents the changes in al] 
"state parameters", the function is "path independent". 

The author feels that the above concepts are useful when 
considering an unsaturated soil. The void ratio change can be viewed 
as a representation of the total volume change of the sample. Like- 
Wise, the water content change as a representation of the deformation 


in the water phase and the degree of saturation change as a represent- 
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Cah 
ation of the deformation of the contractile skin. 


5.3 Multiphase Element for the Deformation Analysis 


In continuum mechanics, the analysis of deformation involves 
the mapping of movement with respect to a material phase. The change 
in the relative position of points or particles in a body forms the 
basis for evaluating the deformation state variables. The deformation 
state variables should be such that when integrated over the body 
under consideration, they produce the displacements of the body. This 
concept applies for a single or multi-phase system regardless of the 
physical properties of the materials. 

The term "deformation" is used throughout the thesis in- 
stead of the word "strain" since strain is intuitively linked with 
a change in stress (Fung, 1965). Since the stress in the contractile 
skin is a constant (i.e., surface tension), it is best to sever the 
stress-strain link when considering the contractile skin. This is 
also true when mapping the deformation of the fluid phases in a 
multiphase system. The analysis of deformation is independent of the 
material properties involved and is equally applicable for solids, 
liquids and gases. 

In the field of kinematics of continuum mechanics there 
are four types of descriptions of movement (ij.e., material, referential, 
spatial and relative)(Malvern, 1969). However, only two of these 
(i.e. referential and spatial) are of interest in our problem (Li 


and Lam, 1964). 
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The referential description has the original position and 
time as the independent variables. A fixed element of mass is chosen 
and its motion is traced. When the reference configuration is the 
initial configuration, the description is generally called the 
Lagrangian description. The time variable disappears when equili- 
brium states are observed. In the elasticity of solids, the reference 
configuration is usually chosen as the initial unstressed state. 

The spatial description has the present position and the 
present time as the independent variables. The spatial description 
fixes attention on a given region of space instead of a given body 
of matter. It is generally used in fluid mechanics and is commonly 
referred to as the Eulerian description (Frederick and Chang, 1965). 
Under steady state flow or equilibrium conditions, the time vari- 
able vanishes. 

If we assume that the first derivatives of the displace- 
ments are small, then the squares and the products of the partial 
derivatives are negligible. This gives rise to the assumption of 
infinitesimal deformations under which the Lagrangian and Eulerian 
descriptions give the same results. 

When considering multiphase systems, a large number of de- 
formation and displacement terms become involved in the complete de- 
formation analysis. In order to maintain proper differentiation of 
terms without creating new terms, superscripts are used to designate 
each phase. In the case of an unsaturated soil, the soil particle 


displacements and deformations have the superscript, p; the contractile 
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skin has the superscript, c; the air phase has the superscript, a; and 
the water phase has the superscript, w. The displacements and defor- 
mations of the overall element or soil structure has the superscript, 

s. Several volumetric designations are used in a synonymous manner 
for all phases. These are the percent volume change, the porosity 


change and the volumetric deformation. 


5.4 Theoretical Deformation Analysis of Multiphase Systems 

There is a direct analogy between stress and dfspiacement 
gradients. The independent deformations are equal to the displace- 
ments divided by the total length of the element (Figure 5.1). Basic 
to the deformation analysis is the assumption that the deformations 
are continuous and the displacement functions are single-valued. In 
other words, discontinuities such as cracks are not permissible. In 
the deformation analysis of multiphase systems an independent referen- 
tial element should not be used for each phase since the elements 
would not coincide after deformation. Two types of multiphase ele- 
ments are functional. Either one consistent spatial element can be 
used for all phases (Lee, 1969) or a referential element can be used 
for one phase which becomes a spatial element with respect to the 
other phases. The latter procedure is used in most conventional soil 
mechanics analyses (e.g. theory of consolidation). 

A basic consequence of the consistent element approach is 
that the sum of the deformations of the component phases must equal 
the deformation of the overall element. This is referred to as the 


"continuity requirement for multiphase systems". The continuity re- 
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quirement is a volumetric restriction that prevents "gaps" between 
the phases of a deformed multiphase system. On a volumetric basis, 


jt is mathematically expressed as, 


N AV. 
AV 1 
=rath jirercion at 
V 12) V 
e = © 
tale. 
where AV. = change in volume of the overall element 
AV. = change in volume of each phase 
WV = total volume of the element 
e = deformation of the overall element 
a. = deformation of each phase © 


N = number of phases 


The continuity requirement must also be maintained in each 


coordinate direction. 
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where e ey and oo overall deformation in the x,y and z 


ye 
directions, respectively 
re eq? and C73 = the deformations associated with 


each phase and the respective directions. 


The deformations in each direction are a change in length 
referenced to the overall length of the element. 

Let us now consider the application of the continuity re- 
quirement to the deformation analysis. Assume that each phase of a 
general two-phase multiphase is able to resist compression and shear 
(Figure 5.2). Phase I is used as a referential element while 
phase II is spatial with respect to phase I. For phase I, the dis- 
placements across the element are su /ax - dx in the x-direction and 
ave jay - dy in the y-direction. Dividing by the total length of the 

I 


element, the normal deformations of phase I are ae i sul /ax in the 


x-direction and e I. avi /ay in the y-direction. Similarly, for 





y 
phase II, the normal deformations are oe: = sult ax and ay 2 sul! say. 
The shear deformation involved with phase I is ei, -5 
I I I 
oui OV bib it a ou OV 
(59 + =). For phase 11, Wiatiseeyeennny ( eed aoe In the 


three-dimensional case, the independent deformation tensors for phase 


I and II are: 


i. aon 
ey) BUYS fax 
oiaa 
reer any 
ee kd 





















evs 


: 
5 bis y,% odd ot notteavoteb (is1svo >) MOOG Mae 


~ \Jlovisoeqze1 ,2nottoertb. ve 


astw bedstoozzs enotsemoteb odd upg DAB iy@ Ey? | 


° 


-2notsostth evitoeq2e7 ont brs s2edq dos9 


‘tenet at senso 5 948 noftsertb dose nt 2notismypotab sdT 
-Inemela et to dipnef ffsvevo odt o¢ Bes 


“31 ysStuntinos sit Yo nottsotlaqqs sd? yebtanos won 2u joj 


TT. 


6 TO S26q 368 Fol? smueeA .2teylsns nottemoteb alt of 


1632 DAG Noteesvqmoa Sztesy ot side 2t sesiqtifum 9261q-oWws 
Sitrw Insmefs [stinereter 6 25 baay at beesld (8.2 

-2'b a3 1 sesig yoi .! sesdq of Sosqzey dsiw 'sttaqe et 

DNS NOFFIevhD-x odd mt xb « x6\ tue vis inomsis edt 2201s z 


oi Yo dipnal fstod sds yd pntbtvtd NOftositb-y odd at \b 


on3 nt x6\tuc - a 916 1 s2siq to hill isarron and 


10? .vulysltmt2 .notsoertb- “¥ one nt vey" vé = ‘2 bns 


ve\ yg 2 ie bns #6\F "6 wl x2? 918 2nottsmmoteb Temien Sid 


z e we I $rt% a3tw bevfovat nottemotsb teers sit 


ont al 1 Sit A Nye? tt at «IL gang 103 .¢ ve 


ezsniq ot et Nhs NotIsinotsb. InebnsqebAt odt .9262 [snot 


280 





W3LSAS 
VNOISN3SWIG - OML VW AO 


3SVHd OML V 
NOILVWHOIS0 0 =—ONV 


NI 


Zh, WA, WA." 
VA a W 


Ha; ¢ 
( 7*N ‘ ALISOUOd ) | asvHd 


IN3W3 13 
NOILV ISNVYL 2G 3JuYNdIs 


a 
| 
3 





( 'N ‘ALISONOd) 


3SVHd 


a LT EE I STE LI a SE Te 








it 3CAHS 


( gM, YTI2OROF } ecte 
{ 4. YTIZOHOF) 





JAVOI2VSMIC - OWT A 2 MOITAMROISG QUA VWOITAJEVART se Jnuvei7 
42 Lid UW 7 A Ai TH3M3j3 


nat II II 

and By Ey Ex 
II Il II 

Ky tye eoay 

ell ell ale 


XZ yz Z 


Since the deformation of each phase is described by a linear 
displacement field, it is possible to write a third set of deformation 
relationships that describe the overall element. However, only two 


of the three possible sets of deformation equations are independent 
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for the two phase system. In general, the number of sets of independent 


deformation equations is equal to the number of phases in the multi- 
phase system. 

The volumetric deformation of each phase depends only on 
the normal deformations. The volumetric deformation of phase I can be 


written, 


e =e +e +e 5.6 


e" =e +e +e Bi 


Summing the volumetric deformations in each phase shows that 


the original volumetric continuity requirement has been maintained. 


e=e +e 3.0 
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The sum of the shear deformations of all phases must also be 
equal to the overall shear deformation. If one phase cannot maintain 


shear it merely drops out. 


5.5 Fluid-Solid Multiphase 


The fluid-solid multiphase is visualized here as a particu- 
late system of solids with interstitial spaces filled with water. This 
jis not the only possible type of fluid-solid multiphase but it is the 
type given consideration at this point. 

The soil particles can take compression and shear whereas 
the fluid can only take normal forces. A referential element of 
soil particles is chosen which becomes a spatial element with respect 
to the water phase. 


The volumetric continuity requirement is, 


avs — ave) ay 
SS aie ail v7 UF 


eS = eP + el 5.9 
where yv> = overall volume or soil structure volume 
yP = volume of soil particles 
y" = volume of water phase 
e> = deformation of soil structure 
eP = deformation of soil particle 
e” = deformation of water phase 
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The soil particles deformation tensor, written in terms of 


displacements is, 
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The volumetric deformation of the soil particles is strictly 


due to the compression of the solids themselves. If we assume that 
the soil particles are incompressible, their volumetric deformation 
is zero (i.e. guP/ox = gvP/ oy = gwh/ 9z = 0. However, the shear com- 
ponents do not disappear. 


The water phase has an isotropic deformation tensor. 


W 
ou 
ayers Ww 
W 
OV 
0 ay 0 
W 
OW 
0 0 a 


The overall element or the soil structure has a deformation 


tensor composed of normal and shear components, 
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The overall deformations reflect the volumetric effect of 
sliding and rolling between particles. The shear component deformations 
are equal to those of the soil particles deformation tensor. 

The sum of the phase deformations is equal to the overall 
deformation both on a dimensional and volumetric basis. Since the soil 
particles volumetric deformation is zero, the water phase volumetric 
deformation is equal to the overall element deformation (i.e. e° = Ens 
In conventional soil mechanics testing, it is either the water volu- 
metric deformation or the overall sample deformations that are measured. 

The above analysis is equally applicable for a compressible 
pore fluid such as air. The analysis is also applicable for the case 
where the solid is an intact, porous rock, however, the physical 


interpretation is different. In this case, the volumetric deformation 


of the solids tends toward the overall volumetric deformation. 


5.6 Air-Water Multiphase 


The air-water multiphase is actually a three-phase system 
since it involves the contractile skin. Consider a spatial element 
involving air cavities and channels through a water matrix. The pro- 
blem is somewhat fictitious since the contractile skin is unstable 


apart from the presence of another solid phase. 
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The volumetric continuity requirement can be stated, 





PVE ten NV Cae Ac 
oe wes 
e° = ew + ef + ef 5.10 


where VY = overall volume of the element 
v2 = volume of air 
v° = volume of contractile skin 
e° = overall deformation 
e© = deformation of the contractile skin 


The deformation tensors for each phase can be written directly. 
The air and water phases cannot withstand shear and therefore have an 
isotropic deformation tensor. The contractile skin is considered on 
a macroscopic scale and can have shear deformation components related 
to the stress components parallel to the surfaces of the element. The 
shear deformation exists for the same reason the shear stress components 


existed in Chapter IV. 
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An overall deformation tensor can also be written. The volu- 


metric deformation is equal to zero since we are considering a spatial 
element. The shear deformations are equal to those of the contractile 
skin tensor. 

The phase deformations can be combined in accordance with the 


continuity requirement. 


It is possible to haye two physical interpretations of the 
continuity requirement. One approach is to Leia: that the volumetric 
deformation of the contractile skin is small and can be included in 
the volumetric deformation of the water phase. This is in fact what 
happens when attempting to measure the volume of water. Therefore, 


the continuity requirement can be written, 


W a 
wat a 5.12 


The volumetric deformation associated with the contractile 
skin can also be viewed as being equivalent to the volumetric defor- 
mation of the air phase. This approach towards the contractile skin 
is new and warrants a detailed presentation. Consider the special 
case of one bubble (i.e. soap bubble) in air (Figure 5.3). Remove 


an element of the bubble with dimensions dx, dy and dz. Suppose it 
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FIGURE 5.3 TRANSLATION AND DEFORMATION OF AN 
ELEMENT FROM A SOAP BUBBLE 
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were possible to insert a syringe needle into the bubble and inject 
more air. The bubbie would increase in volume while it expanded. 
As the bubble expands, assume that sufficient fluid is added to keep 
the thickness of the contractile skin at a constant value. By choosing 
a sufficiently small element, the radius of curvature of the element 
does not introduce error into assuming that the tangential dimensions 
are planar. On the selected element, the deformation is guc/3x in the 
x-direction and avo /ay jn the y-direction. No deformation has occurred 
in the z-direction since it is assumed that the contractile skin re- 
mains at a constant thickness, regardless of the radius of curvature. 
When analysing a sphere, it is advantageous to express the 
deformations in terms of the radius, R(Figure 5.4). The translation 
and deformation of the element perpendicular to the z-axis maps two 


similar triangles. In the x-direction jt can be expressed 


& 
ou 
(diets dx) _ dx ana 
R + AR R ; 
Rearranging, 
& 
Cl AR 
[ice © ah or 
c 
c _ aut _ AR 
Go ay R 5.14 
In the y-direction, 
¢ 
adem Ove AR 5.15 
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FIGURE 5.4 DIMENSIONS AND DISPLACEMENTS FOR AN 
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The deformation in the z-direction is zero. The volumetric 


deformation of the bubble is therefore, 





This relationship can also be obtained by differentiating 
the surface area equation and dividing by the original area. The 
surface area of a sphere is, 


eine 


oe Ws 
A change in radius represents a change in surface area 
of 
dS° = Sem+RedR 5.18 
The normalized increase in surface area is 
Cc 
dS uecedh 5.19 
sf R 


The analysis shows that the volumetric deformation of the 
contractile skin is equivalent to the creation of surface area. 
A similar analysis can be performed on an element with a con- 


tractile skin in the shape of a cylinder. An increase in internal 
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pressure results in a deformation in only one direction. 


c 
Caeeu ( 
ec 7 __ = — 
x aX ey 0 e, 0 
By similar triangles, the deformation in the x-direction 


is AR/R. This is also the volumetric deformation. For the general 


case of a contractile skin of irregular shape, the volumetric defor- 


mation is, 
cere | m+ AR/R 5.20 
Re 
where m =a variable depending on the shape of the contractile 
skin 
R = radius associated with each element of the contractile 


skin 


The above analysis shows that the deformation of the con- 
tractile skin can be envisaged as an increase in its surface area. 
When the contractile skin is combined with the air and water phase, 
its deformation is referenced to the overall dimensions of the element. 
Let us first consider the increase in surface area with re- 
spect to the volume enclosed by the contractile skin. For example, 
the dimensionless volume change of a sphere is 3+*dR/R whereas the 
surface area deformation is 2*dR/R. This demonstrates that the volu- 


metric deformation of a phase contained within the contractile skin 
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can be used as a measure of the deformation of the contractile skin. 
This simplifies the physical means of obtaining a measure of the de- 
formation of the contractile skin. The above analysis demonstrates 
that the volumetric deformation of the contractile skin can also be 


viewed in terms of the volumetric deformation of the air phase. 


5.7 Unsaturated Soil Case 

In the case of an unsaturated sare we are interested in 
mapping the movement of four phases (i.e. soil particles, contractile 
skin, air and water). The unsaturated soil can be visualized as a 
combination of the water-solid multiphase and the air-water multiphase. 
A referential element of soil particles is chosen and used as a spatial 
element with respect to the air, water and contractile skin phases. 

Figure 5.5 shows the mapping of the displacements of the 
overall element. The displacements of each phase are written as con- 
tinuous derivatives over the entire element. The consistent element 
and the linearity of the displacement fields allow the displacements 
of all phases to be superimposed. 

The deformation tensors for all phases are the same as those 
previously outlined for the water-solid and air-water multiphases. 
The partial differential equations describing the volumetric defor- 
mation of each phase are as follows: 


For the soil particles, 
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For the contractile skin, 


C C C 
c _ au, av’ | aw’ 
Sol FeaxXthatayhehes2 5.23 
For the air phase, 
a a a 
ame cous peoy =, ous 
idee ae ey: 9.24 
For the water phase, 
W W W 


aX oy soz 


The continuity requirement states that the sum of the de- 


formation of each phase is equal to the overall deformation. 


C 
e = eP eee ee el 5.26 


This equation can be physically interpreted in two ways. 
In the first case, the contractile skin is included with the water 
phase. Also, the volumetric deformation of the soil particles is 


assumed to be negligible. Therefore, 


In the second case, the deformation of the air phase is 


used as a measure of the deformation of the contractile skin. Now, 
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e =e +e SAS, 


It must be emphasized that there is only one continuity 
equation; however, there is the possibility of applying more than one 
physical restriction on the continuity requirement. The importance 
of this point becomes more obvious during the transient flow analysis 


(Chapter VII). 


5.8 Other Volume-Weight Relationships 


The deformations with respect to each phase can be presented 
in terms of conventional soil mechanics properties. The initial 
volume-weight properties must be known along with the deformations at 


any time. The void ratio can be written, 


e=e te: Vr/V, 5.29 
where e = void ratio at any time 
ais initial void ratio 
e> = volumetric deformation of the soil structure 
Vr = total volume of the sample 
ue = volume of the soil solids 


The water content is computed from the deformation of the 


water phase. 
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where S 
So 
ea 
Vy 
The 


water content at any time 


initial water content 


deformation of the water phase 


weight of soil solids 


change in the degree of saturation can be visualized as 


response of the contractile skin. It can be computed 


Shc So a a vers J. 


degree of saturation at any time 


initial degree of saturation 


air volumetric deformation 


volume of voids 


above equations show the relationship of the deformation 


mapping functions to the volume-weight properties commonly used in 


soil mechanics. 
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CHAPTER VI 
CONSTITUTIVE RELATIONSHIPS FOR UNSATURATED SOILS 


6.1 General 

In Chapter IV the stress state variables were obtained by 
extraction from the independent equilibrium equations for each phase. 
In Chapter V the deformation state variables were developed based on 
the continuity requirement for a multiphase system. Since we have 
independently derived the stress and deformation state variables, the 


next logical step involves the development of constitutive relationships. 


6.2 Constitutive Relationship Review 


In 1940, Biot considered the three-dimensional consolidation 
of an unsaturated soil. His assumptions with regard to the material 
properties were that the stress-deformation relationship for the soil 
structure was reversible and linear. The soil was also assumed to be 
isotropic. Biot considers the case where the pore water may contain 
air bubbles. The effects of surface tension are ignored; however, the 
pore water pressure is considered as a second independent stress state 
variable. Using the terminology consistent with this thesis, the soil 
structure stress-deformation equations are, 
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elastic modulus with respect to a.change in total 
stress 

shear modulus 

Poisson's ratio 

an additional physical constant (Its physical signi- 


ficance is interpreted later) 


The deformation of an unsaturated soil is therefore described 


in terms of the effective stress state variable and the pore fluid 


pressure, 


Biot realized that the above equations did not completely 


describe the deformation state of an unsaturated soil. Therefore, he 


proposed another constitutive relationship to describe the dependence 


of an increment of water content change on the above stress state 


Variables, 
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*u 6.3 


where ) increment of volumetric water content 


ay to a5 = soil parameters 


If the soil is isotropic, ay Se aes fa Ae O and a, = a = ag. 
Therefore it is possible to write the constitutive equation in terms of 
two physical constants. 


eal UW 
6 = BRU yee u) “hea 6.4 


By introducing the assumption of the existence of a potential 
energy of the soil, Biot proves that Hy is equal to H. Thus there are 
four distinct physical constants (i.e. E, v, H and R) that describe 
to a first approximation the behavior of the soil. Biot interprets 
the new physical constants as follows: 

"To intrepret the constants H and R consider a sample of 
Soil enclosed in a thin rubber bag so that the stresses applied to 
the soil be zero. Let us drain the water from this soil through a 
thin tube passing through the walls of the bag. If a negative pressure, 
— is applied to the tube a certain amount of water will be sucked 


out. This amount is given by, 


u 
shat 
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The corresponding volume change of the soil is given by 


Ww 
ae wast 6.6 


The coefficient 1/H is a measure of the compressibility of 
the soil for a change in water pressure, while 1/R measures the change 
in water content for a given change in water pressure." 

Biot's article has been reviewed in detail due to his pro- 
found comprehension of the physical behavior of unsaturated soils. 
Later it will be shown that with some modifications, Biot's constitu- 
tive relationships are consistent with those proposed in this thesis. 
In 1955, Biot extended his work to include an anisotropic solid and 
a viscous compressible pore fluid. 

Biot's work appears to lack in a complete understanding of 
the behavior of the contractile skin. Although Lord Kelvin presented 
his constitutive relationship for the surface tension membrane in 
1871, it had not been related to soil behavior at the time Biot did 
his research work. Kelvin's equation related the pressure difference 
across an air-water interface, (u,-u)> with its radius of curvature, 


r. Written in the form of a constitutive relationship, it is 
™ -] 
d(u,-u) = 2 We: Glee) 6.7 


It was not until 1948 that Croney and Coleman brought the 


importance of the soil suction term (u,-u,,) » to the attention of soils 
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engineers. Croney (1952) proposed a constitutive relationship to 


account for a change in suction due to an applied external load. 


Their equation took the form, 


qe Pp 2S = iy 6.8 


where EB external or overburden pressure 


ica) 
it 


negative pressure in the soil water as measured 
on an unloaded sample in the laboratory under 


atmospheric pressure. 


If this equation is rewritten and interpreted within the 


context of this thesis, it takes the form, 
ard(o,-u.) - Ais lald = Lubes 
or (u,-u,) - (us-U)o = ard(o,-u,) 6.9 


Alpha, a, is a material property relating two stress state 
variables. Physically interpreted, it is the slope of the relationship 
between suction (u,-u,,) and the applied load (oy-u,). Croney's con- 
stitutive relationship says nothing about the total stress state 
variables in the x and y-directions. The uniqueness of the relation- 
ship and the constancy of a is doubtful except under specific test 
conditions. 


Croney and Coleman plotted their measurements of pore water 
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tension using Schofield's (1935) pF scale or the logarithm of the water 
head in centimeters. The plot tends toward a straight line over a 
limited range of tensions. 

The modifications to Terzaghi's effective stress equation 
can also be considered as constitutive relationships since they involve 
a soil property to link stress state variables. This applies for 
Bishop's equation, (1959); Aitchison's equation, (1956); Croney, Cole- 
man and Black's equation, (1958); Jennings' equation, (1960) and 
Richards' equation (1966). Physically interpreted, they represent 
the relationship between stress state variables at a stress point in 
space. 

Hilf (1956) and Bishop (1957) examined the relationship be- 
tween volume change and air pressure change for a closed, unsaturated 
SOil system. Bishop's equation was, 

AV 
Reig peers stad oeeee ? 6.10 


~ AV 
0 Te F (1-S)t5S, h) Ny 


where P = air pressure 
P = initial air pressure 
AV/V = volumetric deformation 
S. = initial degree of saturation 
n. = initial porosity 
h = Henry's coefficient of solubility 


They assume that the soil solids and the water are incom- 


pressible (i.e. eo =e = 0). Therefore, the overall or soil structure 
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deformation and the air phase deformation are equal. The difference 
between the air and water pressures is ignored. Written in terminology 


consistent with this thesis, the equation takes the form, 


Au a 


Se Eo 6211 


a 
ao e #(1-S 45, sh) en, 


Rearranged in the form of a constitutive relationship, the 


equation is, 





-u 
Au co a0 n a 6.12 
fe) 
FePeGL-Sts sch) a <= 
e 
where 
“Yao 
ek stiffness coefficient 
) 
1+ (1-S, +5, +h) 2a 


Since the stiffness coefficient contains the deformation 
state variable, Sai the constitutive relationship is non linear. 

Jennings and Burland (1962) appear to be the first to question 
the uniqueness between void ratio and Bishop's effective stress equation. 
Bishop and Blight (1963) also recognized that there were problems 
and concluded that it was not the effective stress equations stress 
path that needed to be kept in mind but the paths of the two components 
(ive (o-u,) and (u-u.). They suggested plotting volume change data 
versus both state variables as a three-dimensional plot. In 1965, 
Burland re-iterated his dissatisfaction with Bishop's effective stress 


equation by explaining the independent roles of each component of Bishop's 
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equation. The author would also like to summarize his thoughts on the 
significance of Bishop's equation: First, Bishop's equation is a con- 
stitutive relationship and not a stress state variable, and secondly, 
it does not produce a unique relationship with deformation. This es- 
sentially eliminates its usefulness in the volume change analysis of 
unsaturated soils. 

In 1962, Coleman uncoupled the components of Bishop's equation 
and proposed a set of constitutive relationships for the soil structure 
and water phase. He considered the volumetric deformations of a tri- 
axial specimen. The mean stress is designated as o = 5° (0,+2°03) 
where on is the vertical stress and 03 is the lateral stress. The 


water volumetric deformation with respect to the overall sample is 


dV 
W = e - e -_ e =— 
So lace Ca Cy (du, du.) a2 Cio (do du.) + C13 (do, do) 


6.13 
where the compressibility parameters, C, depend solely upon the current 
values of the stresses and the stress history of the soil. The over- 


or total volume deformation is written as, 


dV = e e = 
it paged C,,, (du -du,) + Coo (do-du,) + C53 (do, do) 6.14 


The change in shear strain is written, 
- (de, -de.) = - C,,°(du, -du.) + C5°(do-u,) + C33°(do,-do3) 6.15 


Coleman states that "For elastic behavior of soil the only 
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coefficients needed are C59 and C33 which are then proportional to the 
reciprocal of the bulk and shear modulii respectively." "For drained, 
isotropic swelling and shrinking behavior of soil, the coefficients 
Cia: Cio> C41 and C55 are needed, all other terms being zero." 

Coleman published these equations in a correspondence in 
Geotechnique and it appears they have gone unheeded. The Similarity 
of these equations to those subsequently proposed by the author, should 
be noted. 

Aitchison realized the importance of mapping volume change 
with respect to the independent state variables in 1967. In 1969 he 
presented typical volume change curves obtained by independently fol- 
lowing the (o-u,) and (u,-u, ) stress paths. 

In 1968, Matyas and Radhakrishna performed tests on a mixture 
of 80 percent flint powder and 20 percent kaolin in which they controlled 
the total, air and water pressures. The mixture formed had a meta-stable 
structure and their data demonstrates a collapse phenomena. They per- 
formed isotropic and Ko compression tests. The main purpose of the 
testing program was to predict the uniqueness of two surfaces. These 
were the surface traced out by void ratio versus (o-u,) and (u,-u,) >» 
and the surface traced traced out by degree of saturation (o-u,) and 
(u 


identical volume weight conditions and testing them over a variety 


aU ). Their technique involved preparing several Samples under 


of stress paths. When the (u,-u,,) state variable was decreased or 


the (o-u,) state variable was increased their void ratio results 


traced out a single warped surface. For the collapsing soil tested, 
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the degree of saturation was always an increasing variable and the soil 
structure always decreased in volume. In Radhakrishna's thesis (1967) 

a few tests were performed under constant water content conditions 

with an increasing degree of saturation. These tests are most signi- 
ficant from the standpoint of verifying uniqueness of the surface since 
they follow a stress path that is slightly skewed with respect to the 
previous paths. They appear to verify uniqueness for a meta-stable 
structured soil with respect to the stress paths considered. 

Deviations from the above stipulated stress paths showed 
that the surface was not completely unique. They state that the 
"restrictions on the state paths arise from the fact that the hysteresis 
in the soil structure due to loading and unloading, wetting and drying, 
introduce certain non unique characteristics." The plots of degree of 
saturation versus (o-u,) and COE) for the above stress paths show 
that "the wetting paths do not appear to lie wholly on this surface". 
They attribute the deviations to "incomplete saturation during the 
wetting process". 

Barden, Madedor and Sides (1969) performed tests on low to 
high plasticity illite clay samples. The total, air and water pressures 
were controlled while investigating the effect of various stress paths. 
In all cases the applied stress (o-u,) was increased subsequent to the 
initial conditions. In most cases the suction (u,-u) was increased 
Subsequent to the initial conditions, however, in a few cases it was 
decreased. Their results indicate that the soil structure volume 
change is dependent upon the direction of saturation. They conclude 


"that hysteresis between saturation and desaturation processes is the 
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major cause of stress path dependence". They suggest that there is 
also a strong similar stress path dependence of the degree of satu- 
ration surface upon the reversal of degree of saturation. They do 
not experimental ly investigate the effect of a reversal in applied 


stress. 


6.3 Approach to Constitutive Relationships for Multiphase Systems 


Two approaches can be taken toward the establishment of 
stress-deformation relationships (Chou and Ragano, 1967). These are 
the "mathematical" approach and the “semi-empirical” approach. In 
the mathematical approach, each component of the deformation state 
variable tensor is expressed as a linear combination of the stress 
State variables. The "semi-empirical" approach is more commonly used 
to establish stress-deformation relationships and is the method used 
in this thesis. The constitutive equation must be checked experi- 
mentally to assure uniqueness. For an elastic solid with a positive 
definite strain energy function, the uniqueness theorem states that 
there exists a one-to-one correspondence between the elastic defor- 
mations and stresses (Fung, 1965). 

In Chapter V it was shown that the mapping of the soil 
Structure and the contractile skin can completely describe the defor- 
mation status of an unsaturated soil. Therefore, the constitutive 
relationships of primary interest should link the stress and defor- 
mation state variables for these two phases. The uniqueness of the 
constitutive relationships must be studied experimentally. If they 


are unique, the deformation of all phases can be evaluated from a 
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knowledge of the stress state variables and the soil parameters. 


6.4 Constitutive Relationships for the Water-Solid and Air-Water 


Multiphases 


First let us briefly consider the water-solid multiphase 
or a saturated soil. The assumptions are made that the soil is iso- 
tropic and behaves in a linearly elastic manner. The constitutive 


relationship for the soil structure, corresponding to the x-direction 


Tse 
(o -u ) ' 
Sy. *.X Rew Vv 2ou 
ey Sees eager toyro 2 u.,) 6.16 
where E' = Youngs modulus for the soil structure corresponding 
to a change in effective stress 
v' = Poisson's ratio with respect to effective stress 
changes. 
In the y and z-directions, the constitutive relationships 
are, 


(co, -u, ) 
se! Re wy ay 
Byes ganar E' (o, +0, 2 u,) 
(o Ti) ' 
So WSS Wwene vee FF. 
e, a ahaa ; ig /+0,, 2 u) C.1/ 


For the air-water multiphase, the contractile skin is assumed 


to behave as an elastic, isotropic solid that cannot withstand shear. 
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The deformation of the contractile skin in the x-direction is, 


(este) 
ay ae 
CF oa agente aoa 6.18 
where H' = elasticity parameter for the contractile skin. 


In the y and z-directions, the equations are, 


fred (u4-Uy) 
y H" 
(u_-u, ) 
ene 6.19 


The above air-water multiphase is somewhat fictitious in the 


absence of a solid phase. 


6.5 Soil Structure Constitutive Relationship for an Unsaturated Soil 


An element of unsaturated soil can be considered as a com- 
bination of water-solid and air-water multiphase systems. In formulating 
the constitutive relationships, the assumptions of linearity, reversi- 
bility and infinitesimal deformations allow the effects of several 
Stress state variables to be added with a negative or positive sign 
associated with each elasticity modulus. Thus, the constitutive re- 
lationships are developed within the context of a simple, linear elastic 
model. 

Chapter IV showed that any two out of a possible three stress 
state variables describe the equilibrium of the soil structure and 


contractile skin. Let us first consider the use of the (o-u,) and 
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(us stress state variables. The deformation of the soil structure 


in the x-direction is, 
6.20 


The superscript denotes the phase under consideration and 
the subscript denotes the phase pressure that must be changed in order 
to define the modulus. The modulus, rae 
associated with the (o-u, ) stress state variable. The superscript, s, 
designates the soil structure while the subscript, t, signifies that 
the modulus is defined by changing the total pressure. The modulus, 
Hoe denotes the elasticity modulus for the soil structure, s, which 


is defined by changing the air pressure, a. The constitutive equations 


in the y and z-directions are, 


(seoGe) a) (Uris) 
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5S SERA eer ig Pe eae 6.21 
7. E Ss E S xy W Hy S 
if t a 


The shear constitutive equations are 


*e = a” ov 

xy ¢S xy 

> = ibs e 

Sayre % yz 

areal Sete : 6.22 


310 


denotes the elasticity modulus 
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The volumetric deformation of the soil structure is equal 
to the sum of the x, y and z-deformations. If in addition to the iso- 
tropic soil properties, we assume isotropic total stress conditions, 
the volumetric deformation is, 


Ve2eye? 
e°> = 3[ *(o-u_ ) ee - (u_-u ) 6.23 
ee 


S S a W 
EE a 
This equation can also be written in terms of compressibility 
Cae Sar S S Saas S 
modulii. Let C, ~ 3(1-2v, )/E, and C, - 3/H, : 
ee of CE Se 
e = C, (o u) + C. (u, u) | 6.24 
To put the equation in a more general form, the compressi- 
bility modulii are written in terms of partial differentials. The 


stress state variables should also be written as changes. 


So dy> the v a(v>) 
fr maT ae cere d(o-u, ) uP 5 ua-U, d(u.-u.) Oreo 


OV Ay. a3 ' 
where = compressibility of the soil structure when 
a(o W) 
d(u,-u,) is zero and, 
av 
atu-u) = compressibility of the soil structure when 


d(o-u,) is zero. 


A similar analysis can be conducted using the other two possible com- 


binations of stress state variables. Using (o-u,) and (u,-u,) as 
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stress state variables, the constitutive equation for the soil structure 


takes a similar form. 


S S S 
ms 7a * dto-u,) +5 rear d(u-u,) gee 
ava eyes as 

where Tear = compressibility of the soil structure when 
d(u,-u,) is zero and, 
ee compressibility of the soil structure when 
a w 


d(o-u,) is zero. 


Similarly using (o-u,) and (o-u,) as the independent stress 


state variables, the constitutive relationship for the soil structure 
Vv ave OV 
= Sed oll aut - d(o-u_) 6.27 


Any one of the above three equations can be used to describe 
the volumetric deformation of the soil structure. However, only one 
equation is independent. Their uniqueness must be verified experi- 


mentally. 


6.6 Contractile Skin Constitutive Relationship for an Unsaturated Soil 


To the author's knowledge, no attempt has ever been made to 
develop a constitutive relationship for the contractile skin on a 
macroscopic basis. Commencing with the assumption that we are deal - 


ing with a linear, reversible model, the constitutive equation can be 
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written as a linear combination of stress state variables. This is 
essentially the same as the procedure used by Biot (1940) with respect 
to the water phase. Since the stress state variables associated with 
the contractile skin are the same as those for the soil structure, 
we know that the constitutive relationship for the contractile skin 
reduces to the same form as for the soil structure. 

Let us first consider the relationship between deformation 
and the (o-u,) and (u,-u,,) stress state variables. The deformation 


of the contractile skin in the x-direction is, 


(orur) ve” (i -0 ) 
eK We ge Ua, =e eg Wi 
eal pC = (oto, a u.,) Z 4 ¢ 

iF in a 


6.28 


The E fi parameter is the modulus representing the relation- 
Ship between a change in the (o-u,) stress state variable and the de- 
formation when the (u,-u,,) Stress state variable is held constant. 
The Hest parameter is the modulus representing the relationship 
between a change in the cure) stress and the deformation of the 
contractile skin when the (o-u,) stress state variables are held 
constant. The stress-deformation equations for the y and z-directions 


are, 


(12h Se ae (u.-u_) 
Ae ey Ne at ay Fae) eee 
y 5 ¢ pc MZ W 4 ¢ 
t G a 
(o=u jew 4 (u_-u_) 
Ty ee AA, A Dis pa waht 
2 Wire oe ec (o, toy 2 u) + ot 6.29 


t t a 
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There are also independent shear stress versus deformation 


equations for the contractile skin. 


Cc = Ms e T 

xy go XY 

Cc i sd e 

Sy ze 6c ‘yz 

Cai | en 

eo Ec TY 6.30 


The modulii associated with the contractile skin are inde- 
pendent of those for the soil structure. The modulii are soil pro- 
perties or parameters relating state variables and should not be con- 
fused with being an elasticity modulii for the contractile skin itself. 

In terms of compressibility modulii, the volumetric defor- 
mation of the contractile skin for an isotropic soil with an isotropic 


total stress is, 
e = C,° + d(o-u,) + C,°-d(u,-u,) 6.31 
where Cer = 3(1-2ue Ee 
c.° = 3/H,~ 


In the more general, partial differential form, the constitutive 


relationship is, 
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C C C 
Cowdv: _ - ay § OV 7 . 
ey = V J(o-u d(o u) - atu,-u,) d(u, u) 6.32 
ave 
where atest) compressibility relationship of the contractile 
W 


skin when d(u,-u,,) is zero, 


C 
Casta compressibility relationship of the contractile 
a Ww 


skin when d(o-u, ) is zero. 


Similar equations can be developed using the other possible 
combinations of stress state variables. Only one of the three possible 
constitutive equations is independent and can be used to describe the 
deformation of the contractile skin. Their uniqueness must be verified 
experimentally. 

The constitutive equations developed for the contractile skin 
are synonymous with those for the air phase. Therefore, the volumetric 


deformation of the air phase can be written, 


Vana o-U, : d(o-u, ) Say ET se . d(u.-u, ) 6.33 


6.7 Water Phase Constitutive Relationship for an Unsaturated Soil 


The constitutive relationship for the water phase can be 
written as a consequence of the continuity requirement and the con- 
Stitutive relationships for the soil structure and the contractile skin. 
Using (o-u,) and (u,-u,) as the stress state variables, the constitu- 


tive relationship is, 


dyes av" e dio-u ) + av - d(u -U ) 6.34 
V d(o-u,, cee a(u,-u) a ow : 
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w W 
dV OV i ane GN he 
where etcennye ENTE Ye sD ney modulii with respect 


to the water phase. 


The continuity requirement states that the volumetric de- 
formation in the water phase is equal to the difference between the soil 
structure and air volumetric deformations. Therefore, the compressi- 


bilities with respect to the water phase can be written as, 


Cc 1 
tg eV" 


W 
OV OV 
3(o-u, ) r a{o-u,) 7 3(o-u,) 


ae AV wag ae OV eel un OE 
0 Usa 3(u.-u,) 3(u.-u, ) 


6.8 Graphical Presentation of Constitutive Relationships 


One of the unfortunate consequences of having two stress 
State variables to contend with is the fact that the constitutive re- 
lationships are three-dimensional. Difficulties arise in presenting 
them on plane paper. Expanded versions of the two types of plots pro- 
posed by Matyas and Radhakrishna (1968) are suggested for presenting 
constitutive surfaces. 

The first type of plot is an isometric view of the constitu- 
tive surface. The two stress state variables are plotted along ortho- 
gonal axis in a plane surface. The deformation state variable is plotted 
along the ordinate. A separate diagram is required for each phase under 
consideration. For each phase there are three possible stress state 
variable combinations that can be used Figure 6.1. 


The bisector of the angle formed by the axes of the two stress 
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CONSTITUTIVE SURFACE FOR THE CONTRACTILE = SKIN 


FIGURE 6.1 GRAPHICAL REPRESENTATION OF CONSTITUTIVE SURFACES 
FOR AN UNSATURATED SOIL 
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state variables (plotted to the same scale) produces an axis along which 
the two stress state variables are equal. When (o-u,,) and (usu) are 
chosen as the independent stress state variables, the equation of the 


bisector is, 


CUS gpokinn emt CONSTANT 6.36 
The constant is equal to (o-u,). Thus, the bisector produces 
the axis of the third non independent stress state variable (Figure 
5.2). Similarly, when (o-u, ) and (o-u,) are chosen as the independent 
Stress state variables, the bisector is equal to (u.-u,). The relation- 
ship assists in visualizing the behavior with respect to all stress state 
variables. Other axes originating from the Origin represent constant 
ratios of the stress state variables. 
The second type of plot uses contours to designate either one 


of the stress state variables or the velumetric deformation. 


6.9 Sign Convention for Compressibility Modulii 


A positive or negative sign must be associated with each com- 
Pressibility modulus. This is not required in most volume change analysis 
Since generally only one stress variable is of concern and the direction 
of deformation is well established. A sign convention becomes imperative 
in the analysis of unsaturated soils since an increase in the stress 
State variable does not always produce the same direction of volume change. 
Once the sign of the compressibility modulus is known, it could be in- 
corporated into the differential equation. However, the Sign need not 


be fixed and depends to some extent on the soil type under consideration. 
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FIGURE 6.2 FEATURES OF THE CONSTITUTIVE SURFACE 
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The sign convention employed can be stated as follows: If an 
increase in the stress state variable produces a phase volume decrease, 
the compressibility moduius is POSITIVE. If the stress state variable 
increase produces a volume increase, the compressibility modulus is 
NEGATIVE. The convention is applicable to the soil structure, contractile 
skin (air phase) dnd the water phase. 

Even for a particular soil, the sign for the compressibility 
modulus is not fixed with respect to the stress state variable. Rather, 
it can depend on which component of the stress state variable was changed. 
Consider, for example the (u,-u,) stress state variable and the defor- 
mation of the soil structure. The suction can be increased by either 
increasing the air pressure or decreasing the water pressure. If the 
air pressure is increased in an unsaturated soil, the soil structure 
generally expands making the compressibility modulus negative. If the 
water pressure is decreased, the soil structure generally compresses 
making the compressibility modulus positive. 

Let us specify a normal soil as one with a stable, non collap- 
Sing soil structure. The directions of volume change can be anticipated 
for a stable structured soil by examining the effect of changing the 
components of the stress state variables. Let us first consider the 
effect of stress changes on the soil structure or overall element 
volume. The signs associated with each modulus are presented in 
Table VI.]. The signs associated with the soils tested are analysed 


in Section 6.10. 
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TABLE VI.1 


SIGN OF THE SOIL STRUCTURE MODULII 


32] 


a 


Soil Structure 
Deformation 


Sign 


i 


Stress State Component 
Variable Change* Change 

(o-u, ) Increasing Increasing o 
Decreasing u 
W 

(o-u,) Increasing Increasing o 
Decreasing ie 

(u,-u,) Increasing Increasing u 


Decreasing u, 


Decrease 
Decrease 


Decrease 
Decrease 


Increase 
Decrease 


+ 
+ 


a 
+ 


*Reversing the direction of each stress state variable reverses the sign 


Table VI.2 presents the sign associated with each of the 


modulii for the contractile skin or the air phase. 


TABLE VI.2 


SIGN OF THE CONTRACTILE SKIN (AIR PHASE) MODULII 
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Soil Structure 
Deformation 
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Stress State Component 
Variable Change Change 
(o-u, ) Increasing Increasing o 
Decreasing UW, 
(o-u,) Increasing Increasing o 
Decreasing u, 
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Decrease 
Increase 


Decrease 
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Increase 
Increase 
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Similarly, the signs associated with the modulii for the 
water phase are presented in Table VI.3. It must be emphasized that 
each of the above signs are based on an intuitive knowledge of the be- 
havior of a stable-structured soil. They need not be always correct; 


however, they provide a framework within which to order our thoughts. 


TABLE VI.3 
SIGN OF THE WATER PHASE MODULITI 


Stress State Component Water Phase S3Gn 
Variable Change Change Deformation g 
(o-u,) Increasing Increasing o Decrease + 
Decreasing u Decrease 2 
Ww 
(o-u,) Increasing Increasing o Decrease 
Decreasing U, Increase = 
(u.-u,) Increasing Increasing u Decrease +f 
Decreasing u Decrease = 


6.10 Observed Directions of Volumetric Deformation 
| The experimental data presented in sections I and II of 
Appendix F are analysed with respect to their direction and magni- 
tude of volumetric deformation (Table VI.4). 
Many variables are involved in a complete analysis of the 
direction of volumetric deformation. For example, a decrease in 
Suction may produce a volume increase or decrease depending upon such 


factors as clay content and mineralogy, stress history and present 
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TABLE VI.4 
EXPERIMENTAL DATA ON THE DIRECTIONS OF DEFORMATION 
FOR VARIOUS STRESS COMPONENT CHANGES 


re ec een re SSS SSS 








Pressure Change Deformation (%) 
Test —_— 
No. Total Air Water Soil Air Water 
(psi) (psi) «= ( psi) Structure 

D-1 -10 -10 0 ¥l.7 1 jes Pi -6.10 
D-2 +13 0 0 +0.18 + sO Ue +0.16 
D-3 0 0 +10 -0.05 + 0.24 -0.29 
D-4 +14 0 0 +0'.24 - 0.11 +0535 
D-5 0 0 +10 -0.06 + 0.44 -0.50 
D-6 0 0 +3] +0 .05 Soro! be | -3.43 
D-7 0 0 +16 ¥1°.1'2 +e? -5.10 
D-8 0 0 -15 +0.35 - 1.09 +1 .44 
D-9 © 0 0 -30 #0 75 - 1.92 +2267 
D-10 0 -28 0 +5.80 + 8.13 -2.33 
D-11 0 -15 0 +230 +10.80 -2.50 
D-12 0 +15 0 -0.02 - 0.96 +0.94 
D-13 0 +27 0 -0.24 - 1.48 +1.24 
D-14 0 0 +29 -0.74 + 0750 -].24 
C-1* 0 0 +1] -0.19 - 0.06 -0.13 
C-2* 0 -10 0 +0 .03 + 0.33 -0.30 
C-3* -10 0 0 -0.18 +020 -0.38 
C-4* 0 0 +10 -0.12 + 0.40 -0.52 
C-5* 0 -10 0 a7) = Oe. #20? 67. -0.62 
C-6* -10 0 0 -0.17 +20 ooo -0.50 
C-7 0 0 +10 

C-8 0 -10 0 ane ICY 4 + O74) -0.09 
C-9 -10 0 0 -0.26 + 0.09 -0.35 
C-10 0 0 +10 -0.22 TeUeeO -0.42 
C-11 0 -10 0 -0.27 + 0.40 -0.67 
C-12 -10 0 0 -0 43 + O06 -0.59 
C-13 -10 0 0 -0.70 - 0.05 -0.65 
C-14 0 0 +10 -0.24 + 0.23 -0.47 
C-15 0 -10 0 -0.01 OS 19 -0.20 
C-16 -10 0 0 -0.26 + 0.10 -0.36 
C-17 0 0 +10 -0.2] rene, -0.48 
C-18* -10 0 0 -0.08 - 0.04 -0.04 
C-19* 0 -10 0 -0.02 - 0.02 0.00 
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TABLE VI.4 (continued) 





Pressure Change | Deformation (%) 

Test a . 

No. Total Air Water Soil Air Water 

(psi) (psi) (psi) Structure 

C-20* 0 0 +10 -0.04 ee Opal -0.25 
C-21* -10 0 0 -0.28 - 0.11 -0.17 
C-22* 0 -10 0 -0.01 + 0.08 -0.09 
C-23* 0 0 +10 -0.15 +.0.28 -0.43 
C-24* -10 0 0 -0.77 - 0.45 -0.32 
C-25* 0 -10 0 +023 + 0.94 -0.71 
C-26* 0 0 + 5 0.00 + 0.86 -0.86 
Ca2Lx -10 0 0 -0.71 & Onda -0.82 
C-28* + 9 0 0 +0 .30 + 0.24 +0.06 
C-29* 0 0 - 5 +0.1] - 0.49 +0.60 
C-30 +29 0 0 +2.14 + 0.70 +1 .44 
C-31 0 +30 0 +0.05 - 0.89 +0 .94 
C-32 0 0 +30 -1.22 - 0.65 -0.57 


*Deformations at an elapsed time of 3000 minutes. 
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stress state, degree of saturation, etc. However, the purpose of this 
section is simply to obtain a basic appreciation of directions of volu- 
metric deformation. 

Not every test performed can be assumed to be completely 
trustworthy. The long periods of time involved in each process may 
result in the secondary factors masking the primary process. For 
example, in some of the tests (C-series), the stress changes and the 
measured volume changes were small. Also, due to the extensive time 
required for complete equalization, some pressure changes were applied 
prior to the complete equalization under the previous pressure change. 

Figure 6.3 shows the magnitude and direction of deformation 
in the soil structure, air and water phases for a total pressure change. 
Figures 6.4 and 6.5 show similar results for changes in the air and 
water pressures, respectively. The above results are graphically 
summarized in Figures 6.6, 6.8 and 6.11, respectively. 

When the total pressure was increased, the soil structure 
always decreased in volume and vice versa. In other words, the soil 
structure deformation showed an inverse relationship with the total 
pressure increment. The water phase also showed an inverse relation- 
ship with total pressure. The air phase did not bear a definite direc- 
tional relationship. Numerous tests performed on the oedometer showed 
an air volume decrease for a total pressure decrease. The volume 
Changes involved are small and it is possible that the loss of moisture 


from the sample in the oedometer contributed to a fictitious decrease 
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in air volume. However, the dominant trend in the air phase volume 
change is towards an inverse function of total pressure. 

Figure 6.7 shows a typical plot (Test C-30) of volumetric 
deformation versus logarithm of time for an increment in the total 
stress on a compacted kaolin. The soil structure, air and water phases 
show a decrease in volume during the process. The sample exhibited 
a relatively large instantaneous volume decrease at the time of the 
application of the total pressure. In this test, it is the large in- 
stantaneous compression that controls the direction of deformation of 
the air phase. 

An increase in the air pressure acts on the inside of the un- 
saturated soil sample causing the soil structure to expand (Figure bec) 
However, this may be temporary and under equilibrium conditions, the 
volume may decrease. The net result appears to be related to the com- 
pressibility of the soil structure and the degree of saturation. For 
example, if the soil has a relatively high degree of saturation, the 
effect of the internal air pressure is minimal. However, the increase 
in air pressure produces an increase in soil suction which in turn 
can cause a decrease in the volume of the overall sample. It is 
possible for an overall volume increase to occur during the early 
stages of the test and a volume decrease to occur towards the time of 
complete equilization. Figure 6.9 shows the results of test C-31 
which demonstrates the above phenomenon. 

Although the soil structure showed either a direct or in- 


verse relationship with the air pressure change, the air phase defor- 
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mation always showed a direct relationship with pressure. The water 
phase deformation always showed an inverse relationship with air pressure 
change. 

Figure 6.10 shows a typical deformation versus logarithm of 
time curve for a decrease in air pressure (Test D-10). The soil 
structure underwent two distinct deformation decreases. The first 
volumetric decrease during the period up to 10 minutes was probably 
due to the decrease in internal air pressure. The second volume decrease 
proceeding to the end of the test appears related to the intake of water 
by the sample. The intake of water reduces the normal pressure and 
the volume decrease is likely indicative of a meta-stable structure. 
Stated in another way, the intrinsic shear stresses cause slifi between 
the particles under conditions of reduced normal stress. This is in 
essence a collapse phenomenon. All processes appear to be smooth and 
continuous. 

An increase in water pressure results in a swelling of the 
soil structure if the material has a stable structure (Figure 6.11). 

If the soil structure is meta-stable, the increased water pressure 
results in a collapse. It is interesting that there were no results 
which indicated a tendency for collapse when the water pressure was 
decreased. The air phase volume change, in general, showed an in- 
verse relationship with water pressure. However, it is also probable 
that the air phase could show a direct relationship. The water phase 


volume changes always showed a direct relationship with water pressure. 
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Figure 6.12 shows a typical volumetric deformation versus 
logarithm of time curve for a stable-structured soil (D-14). The 
water pressure was increased by 29 psi. The soil structure expanded 
at a rate considerably slower than that of the water uptake by the 
sample. The air volume increased during the swelling process. 

Figure 6.13 shows a deformation-time plot for a meta-stable 
structured soil (D-7). The water pressure was increased by 16 psi. 
The sample commenced its uptake of water almost immediately and the 
soil structure started to decrease (collapse) at approximately 50 
minutes. The processes are smooth and continuous. A complete study 
of the collapse phenomenon is beyond the scope of this thesis. Suffice 
it to say that with the limited results available, collapse in un- 
saturated soils appears strongly related to an increase in water 
pressure. It was dominant only in the low swelling kaolin which was 
prepared at one-half standard compactive effort. 

The laboratory test results indicate that the proposed di- 
rections of deformation appear reasonable for a soil with a stable 
structure. They must not, however, be taken as the only direction 
in which deformation can occur. The instability of the soil structure 


is the main factor causing deviations from the general case. 


6.11 Procedure to Experimentally Verify the Uniqueness of the Constitutive 


Surface at a Point 
The uniqueness of the proposed constitutive relationships must 


be verified experimentally prior to their use in an analysis. Unique- 
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ness requires that there is one and only one relationship between the 
state variables. However, even if complete uniqueness does not exist, 
it is possible to place stress path restrictions on the constitutive 
relationship: This procedure is commonly used to account for hysteretic 
effects. 

The uniqueness of the constitutive surfaces is analysed in 
two steps. First, the uniqueness of the constitutive surface is tested 
for small stress deviations from a stress point. Secondly, the con- 
stitutive surface is explored in terms of larger stress changes and 
reversals of stress. 

Let us suppose that it is possible to prepare several identi- 
cal unsaturated soil samples that are subjected to the same total, air 
and water pressures. Therefore all samples are at the same stress 
point in space and have the same initial volume-weight properties. 

Then let each sample be subjected to varying stress changes that would 
describe the spokes of a wheel (Figure 6.14). By monitoring the volume 
changes in each phase and the overall volume change, the corresponding 
constitutive surfaces can be mapped. The constitutive surface is 
unique if it is planar for 360 degrees around a point. If the con- 
stitutive surface at the point is unique, the compressibility modulii 
associated with any orthogonal directions can be used to describe the 
deformations produced by any combination of the stress state variables. 
The stress deviations are assumed to be small enough to produce com- 
pressibility modulii that are constants. 


The above tests are somewhat fictitious since they would be 
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difficult and extremely time consuming to conduct. Therefore, a simpler 
and more rapid procedure was adopted. One sample was subjected to small 
stress increments along three stress paths. Using the deformations 

from any two of the increments, it is possible to compute two corres- 
ponding eomgreseibility moduli. Now the deformation equation can be 
used to compute the anticipated deformation along the third stress path. 
The computed deformation is compared with the measured deformation. 

The constitutive surface at a point is unique if the measured and pre- 
dicted deformations are essentially equal. This procedure can be con- 
sidered as a minimum check for uniqueness since it is impossible to prove 
uniqueness with less data (Figure 6.15). 

Three stress paths of equal spacing can be obtained by changing 
the total, air and water pressure and allowing equalization after each 
pressure change (Figure 6.16). The uniqueness tests can be applied to 
any of the proposed constitutive equations (i.e. soil structure, con- 
tractile skin, air and water phases). As an example, let us consider 
the soil structure deformations for the above case. One form of the 


constitutive equation for the soil structure is, 


ah. eae P 


S S 
, t “d(o-u, ) +i Ge d(u,-u,) 6.37 


Suppose the first pressure increment is a decrease in the 


total stress. Therefore, 
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dv A S 
sith C, ‘d(o-u.) or 
ee dv°/v. 


Let the second pressure change be an increase in the air 


pressure. Therefore, 


her = dv°/v 
a d(u_-u 
a ow 


Now that the two compressibility modulii are known (i.e., 

Gy and Se the volumetric deformation corresponding to a change in 
the pore water pressure can be computed. This value can be compared 
with the measured volumetric deformation. Similar values indicate 
uniqueness of the constitutive surface at a point. Some discrepancy 
is anticipated since all stress changes do not initiate from the same 
point. 

The procedure used for most of the tests for the uniqueness 
analysis is as follows. The sample was allowed to come to equilibrium 
under an arbitrary set of stress conditions. An attempt was made to 
have a large initial suction. The water pressure was generally increased 
for the first pressure increment. After equalization, the air pressure 
was decreased. After equalization, the total pressure was decreased. 
The above procedure could be repeated through several cycles as long 
as the suction remained positive. Throughout these steps, the water 


phase volume was continually increasing. The soil structure and air 
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phase underwent a reversal in their direction of volume change (Figure 
6.17). Other stress paths could also have been followed but this 
procedure lent itself to the operation of the equipment. 

Mapping the equilibrium states of an unsaturated soil basically 
requires a knowledge of the soil structure and contractile skin con- 
Stitutive surfaces. However, as a consequence of the continuity re- 
quirement for an unsaturated soil, the mapping of the water phase de- 
formation also produces another constitutive surface. The soil structure 
and water phase constitutive surfaces are analysed in detail since they 


were independently measured in the laboratory. 


Gyles Presentation of Uniqueness Test Data 


The data used for the uniqueness analysis is presented in 
Appendix F. Four samples were tested for uniqueness at a point. The 
first three samples (#15A, #16 and #17) were Regina Clay while sample 
#21 was compacted kaolin. The volume changes observed as a result of 
the stress component changes are summarized in Table VI.5. The volume 
changes at two elapsed times are considered for each sample since it 
is difficult to determine the point of complete equalization. For 
example, the secondary volume change behavior of Regina clay results 
in volume changes that appear to continue almost indefinitely. These 
secondary effects may distort or warp the constitutive surface and 
actually decrease uniqueness with time. 

As a result of changing one stress component, it is possible to 
compute six compressibility values. For example, the changing of the 


pore water pressure effects the overall volume, the air and water 
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TABLE V1.5 


VOLUME-CHANGES CORRESPONDING TO STRESS COMPONENT 


CHANGES FOR TESTS TO EVALUATE UNIQUENESS OF THE 


Test Elapsed 
No. Time 
(min) 


Sample #15A 
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Water 
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TABLE VI.5 (continued) 








Normalized Stress Percent Volume Change 
Component Changes 
Test Elapsed 1 
No. Time Ao Aua Auw eer 
(min) (psi) (psi) (psi) Soil Air Water 
Structure 
Sample #17 
C-14 1000 0 O +10.00 -0.100 +0.090 0.190 
C-14 5000 0 0 +10.00 -0.360 +0.230 -0.590 
C-15 1000 0 -10.00 0 +0.018 +0.068 -0.050 
C=15 5000 0 -10.00 0 -0.060 +0.230 -0.290 
C-16 1000 -10.13 0 0 -0.140 -0.050 -0.090 
C-16 5000 -10.13 0 0 -0.345 +0.135 -0.480 
C-17 1000 0 0 +10.00 -0.095 +0.105 -0.200 
C-17 5000 0 0 +10.00 -0.280 +0.320 -0.600 
Sample #21 
C-18 2000 - 9.80 0 0 -0.110 -0.078 -0.032 
C-18 10000** - 9.80 0 0 -0.070 -0.080 +0.010 
C-19 2000 0 - 9.95 0 -0.015 -0.015 0.000 
C-19  10000** 0 - 9.95 0 -0.015* -0.015 0.000* 
C-20 2000 0 0 +10.04 -0.033 +0.167 -0.200 
C-20 10000** 0 O +10.04 -0.020*  +0.350 -0.370* 
C-2] 2000 - 9.75 0 0 -0.290 -0.120 -0.170 
C-2] 10000** - 9.75 0 0 -0.320 -0.170 -0.150 
C-22 2000 O - 9.86 0 -0.037 +0.053 -0.090 
C-22 10000** 0 - 9.86 0 -0.010*  +0.090 -0.100* 
C-23 2000 0 0 + 9.91 -0.127 +0.258 -0.385 
C-23 10000** 0 O + 9.91 -0.180*  +0.310 -0.490* 
C-24 2000 - 9.68 0 0 -0.700 -0.405 -0.295 
C-24 10000 - 9.68 0 0 -0.820 -0.494 -0.326 
C-25 2000 0 -10.03 0 +0.235 +0.805 -0.570 
C-25 10000 Oi s=1,0503 0 +0.180 +1 .067 -0.887 
C-26 2000 0 0 + 4.87 -0.005 +0.655 -0.660 
C-26 15000 0 0 + 4.87 -0.010 +1.510 -1.520 
C-27 2000 - 9.74 0 0 -0.595 -0.130 -0.465 
C-27 15000 - 9.74 0 0 -0.730* +0.120 -0.850* 


*kEstimated Equilibrium Conditions 


. . Sb 
‘moO I : 
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TABLE VI.5 (continued) 


Normalized Stress 
Component Changes 


Time Ao Aug Aw : 


Percent Volume Change 


Soil Air Water 

(min) (psi) (psi) (psi) Structure 

2000 + 9.30 0 0 +0.315 +9.260 +0.055 
10000** + 9.30 0 0 +0.360* +0.280 +0.080* 
2000 0 0 - 4,83 +0.090 -0.390 +0.480 
20000** 0 0 ee reps, +0.260* -0.670 +0.930* 
2000 +29 .20 0 0 +].890 +0.870 +].020 
10000 +29 .20 0 0 +2.160 +0.710 +].450 
2000 0 +30.03 0 -0.080 -0.730 +0.650 
15000 Oeeats0eUs 0 +0.045 -0.910 +0.955 
2000 0 0 +29 .86 -0.526 +0.456 -0.982 
12000 0 0 +29.86 -0.567 +0.663 -1.230 





35] 


volumes of the sample. However, the compressibilities are not computed 
with respect to the stress component changes but with respect to the 
stress state variable changes. The stress state variables affected 

by a change in pore water pressure are (o-u, ) and (u,-u). The com- 
pressibilities that can be computed are: 


Soil Structure 


c Crate ys & Compressibility of the soil structure with respect 
| : é 
; 5 to a change in (o-u, ) | 
Me Cy aes Compressibility of the soil structure with respect 
a ow 
to a change in (u,-u,) 
Air Phase 
( ee ie” Compressibility of the air phase with respect 
w 
«ag to a change in (o-u, ) 
‘ Cy chia: Compressibility of the air phase with respect 
a Ww 


to a change in UES 


Water Phase 


Cioeu ives Compressibility of the water phase with respect 
W 
ow to a change in (o-u,) 
a Cy “pete Compressibility of the water phase with respect 
a wW 
to a change in (u,-u.) 


When computing the compressibilities, the sign of the stress 
State variable must be taken into account. For example, a decrease in 
the air pressure produces a positive change in the (o-u, ) stress stress 


variable but a negative change in the (u,-u,) stress state variable 


Fin) 
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change. The sign designations for the stress state variable changes 


are summarized in Table V1.6. 


TABLE VI.6 
SIGN DESIGNATIONS FOR STRESS STATE VARIABLE CHANGES 


StiesoiConponens aoe Stes Stetel artabtg change 


Change o-u, O-U, uu, 
+Ao Py (+) 2 
-Ac (-) (3) : 
+Au - (-) (+) 
-Aue - (+) (-) 
+Au i} (=) 
+Au (+) = (+) 


Each compressibility value bears a sign that is a con- 
sequence of the sign of the volume change and the sign of the stress 
State variable changes. Table VI.7 summarizes the compressibility 
values with respect to the stress state variable changes for all 


tests. 


6.13 Analysis of the Uniqueness Test Data 
6.13.1 Possible Checks for Uniqueness 


The object of the analysis is to compute two compressibility 
values and use them to predict volume change in the direction bisecting 
Stress state variable axes. The predicted value can be compared with 


a laboratory measured value. The cyclic incrementing of the water, air 
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and total pressures gives rise to a number of possible uniqueness test 

combinations or "checks". Let each pressure increment be des ignated 

as U, where i = 1, n and n is the total number of pressure increments. 
For the prediction of volume change, the first combination 


of pressure increments involves tests, 
U. and Usa, for pireeelasto = 
A second combination of pressure increments involves tests, 
U. and Ui to for f= 1° to n-2 


Other combinations are also possible but they become un- 
reasonable due to the non linearity of the constitutive surface. 

The above predicted volume changes can be compared with the 
following measured volume changes. The first combination of pressure 
increments can be compared with the previous and subsequent volume 


Changes measured. 


U. and Ut for 3 >> le andai = n+ 


The second combination of pressure increments can be compared 


with the volume changes measured in test U. There are [2*(n-1)-2] 


ay te 
"checks" for uniqueness performed from the first set of combinations 
and (n-2) "checks" performed from the second set of combinations. The 


total number of "checks" is (3+n-6). 
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6.13.2 Procedure for the Computation of Predicted Volume Changes 

Let us consider an example problem and perform the calcula- 
tions required to obtain the predicted volume change. Consider the 
soil structure volume changes obtained during tests C-2 and C-3 of 
Sample #15A (5000 minutes). During test C-2, the air pressure change 
was -9.96 psi and the measured soil structure volume change was +0.040 
percent. During test C-3, the total pressure change was - 10.29 psi 
and the measured soil structure volume change was - 0.230 percent. 


The volume change equation to consider for this set of pressure changes 


1S 
dysnectise! d (o-u-)) + C2 =d{u-—us) 6.40 
Vv i W a a w ‘ 
Substituting the values from test C-2 into the above equation 
gives 


+ 0.040 = C,°+(0) + C_°+(-9.96) 


Therefore, Es = - 0.004. 


Substituting the values from test C-3 gives: 
- 0.230 = Ce bs 10.29) + ¢,5+(0) 


Therefore, Crs = + 0.0224. 


With these two compressibility values known, it is possible 


Bet 

















zspnend smu foV batatba19 Yo nortstuqnd) sry Ae 
-sfuofso 93 smotisq bns ns fdowg glaqinsxe m6 vebfenoo ev F 
et yabt2n0d .epnsdo smutov betotberq ed? nfsido oF ber 
%o £-) bns S-) 2%299 pritiwwb beatetdo 2epieris smufov oT / 
epnsd> stueestq its edt .S-9 Seed pnfwo” .(2ssuntm O00e) F 
020.0+ 26w spnsco smulov swwsours2 [foe hesmnene ei bis f2q 
req OS.Of - 2ew spnedd sueestq Isvod afd (6-0 Seed oni 
$ngo19q O£S.0 ~ 26w spnsdo smulovy stusouite [fo2z bewe 


espnsis etue2siq to 392 2etdt TOY tebt2m0d' oF NOTssupS spnsns 


a ‘ © o - . “vb 
Ob.3 ( u- u)b 6” + (4 o) b “40 ~ 


notssups svods sft otnt S-2 tes3 movt esulsv ong pntsustsedue | 


- 


(ae.e-)-* 9 : (0)-*,9 = 080.0 + 


.800.0 - = * 
-eevig £-9 3294 mor? 2oulsv saath 


359 
to move along the bisector of the two previous stress paths by changing 
the water pressure by +10 psi. The increase in water pressure by 10 
psi decreases the (o-u, ) and (u.-u ) stress state variables by 10 psi. 


W 
The predicted volume change is: 


dv" _ _ 9.004+(-10.0) + 0.0224(-10.0) 
a e = e ° at e 


S 
ete av" =0.184 percent. 

The predicted volume change can be compared with the measured 
volume changes from tests C-1 and C-4 which are -0.181 percent and 
-0.178 percent respectively. 

A similar analysis can be performed with respect to the water 


phase volumetric deformations. Table VI.8 summarizes the predicted and 


measured volume changes on the four samples tested. 


6.13.3 Comparison of Agreement Between Predicted and Measured Volume 
Changes 


The comparison of the predicted and measured volume changes 
is referred to as the uniqueness analysis. The predicted and measured 
volume changes can be visually assessed by plotting the predicted volume 
Changes versus the measured volume changes for each test. It is also 
desirable to have a quantatative measure of the degree of success of 
the correlation. 

-Three quantative measures are required to evaluate the 


success of the constitutive surface mathematical relationship. These 
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are the correlation coefficient, the slope and intercept of the best-fit 
line (Neville and Kennedy, 1966). In the problem under consideration, 

a perfect uniqueness analysis should show a slope of 1.00 and an inter- 
cept of 0.00. The correlation coefficient is a measure of the disper- 
sion about the best-fit line. The correlation coefficient (r) is com- 


puted from the equation, 


oe MEX yls Exedy 6 
4 nesx®-(5x)°] [n-xy*-(sy) 2] 


i} 


where X predicted volume change values 


measured volume change values. 


< 
Ul 


When the correlation coefficient is zero, there is no corre- 
lation; and when it is unity, there is perfect correlation. The Signi- 
ficance of the correlation coefficient can be evaluated by comparing 
the computed value with the value that can be expected at a given 
level of significance if the observations are drawn by chance (i.e. 
Critical Correlation Coefficient). Figure 6.18 shows the critical 
correlation coefficient plotted versus the degrees of freedom when 
the total number of variables involves is two. The number of degrees 
of freedom is equal to the number of observations minus two. 

If the computed correlation coefficient exceeds the critical 
correlation coefficient, we conclude that a correlation exists. The 
level of significance corresponding to the measured correlation coeffi- 
cient represents the probability of our having drawn the wrong con- 


Clusion. In other words, the correlation coefficient is an estimate 


a i 
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of the association between the predicted and measured variables. A 
high correlation coefficient implies causation and proves the existence 
of a reliable mathematical model of the constitutive surface. 

The above three measures of the success of the mathematical 
constitutive model can check out as "perfect" only under the follow- 
ing conditions. First, there must be no technique or measurement 
errors in the data. Second, the constitutive surface of the soil 
structure and the contractile skin must be linear and not possess 


hysteresis upon a reversal of deformation. 


6.13.4 Regression Analysis on Predicted and Measured Volume Changes 
for the Soil Structure, Air and Water Phases Assuming a Linear 
Constitutive Relationship 


The statistical properties from the linear regression analysis 
between the predicted and measured volume changes are presented in 
Table VI.9. 

The regression analysis between the predicted and measured 
soil Structure volume changes for sample #15A show a virtually perfect 
correlation (Figure 6.19). The correlation coefficient is essentially 
100 percent, the slope approaches 45 degrees and the intercept is less 
than the accuracy of the data. The correlation at 5000 minutes is 
Slightly superior to that of 1000 minutes. 

Sample #16 (Figure 6.20), tested under isotropic loading 
conditions, shows considerably more dispersion in the data. The re- 
sults at 15,000 minutes are superior to those at 2000 minutes. The 


critical correlation coefficient for a one percent level of signifi- 
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cance is 0.71 and since the computed correlation coefficient exceeds 
this value, a definite correlation exists. However, it is not nearly 
as convincing as the results from sample #15A. Further analysis are 
performed later on this data. 

Sample #17 (Figure 6.21) shows a good correlation between the 
predicted and measured soil structure volume changes. However, the 
limited number of checks that can be performed, results in a nie 
critical correlation coefficient. The critical correlation coefficient 
at a one percent level of significance is 0.915. The slope of the 
best-fit line is somewhat reduced from that of Sample #15A. Due to the 
limited number of checks that could be performed, emphasis should not 
be placed on these statistical properties. 

Sample #21 (Figures 6.22 and 6.23) was a kaolin Sample tested 
under isotropic loading. It showed a low correlation coefficient. The 
correlation coefficient at equilibrium conditions was higher than the 
correlation coefficient at an elapsed time of 2000 minutes. The critical 
correlation coefficient is 0.46 for a one percent level of significance. 
The computed correlation coefficient at equilibrium conditions is approxi- 
mately equal to the critical correlation coefficient at a one percent 
level of significance. The slope of the best-fit line is also far from 
45°. Further analysis on Sample #21 is performed later with respect to 
Sample #21. 

The statistical properties on the water phase volume changes 
deviate more from those of "perfect" conditions than do the soil structure 


volume changes. Sample #15A (Figure 6.24) shows a correlation coefficient 
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of approximately 0.5 which is slightly below the critical correlation 
coefficient for a 5 percent level of significance. The slope of the 
best-fit line is low (0.12) and the intercept is far from zero. This 
test was performed in the one-dimensional oedometer and it was later 
discovered that some moisture was lost from the sample by movement 
through the lucite walls of the chamber. The loss of even a small 
amount of moisture has a very pronounced affect on the uniqueness 
analysis. The excellent correlation from the uniqueness analysis on 
the soil structure (Sample #15A) showed that hysteresis cannot be 
considered as the factor causing the low correlation coefficient for the 
water phase. A further analysis is later performed to ascertain the 
cause of the discrepancies. 

Sample #16 (Figure 6.25) shows a correlation coefficient 
greater than the critical correlation coefficient at a 5 percent 
level of significance, for an elapsed time of 2000 minutes. However, 
the results are poorer at 15000 minutes. The slopes were low while 
the intercepts were excessive. 

Sample #17 (Figure 6.26) shows a high correlation coefficient, 
however, the critical correlation coefficient is also high due to the 
limited number of observations. The statistical properties indicate 
correlation; however, excessive emphasis should not be placed on this 
tests 

Sample #21 (Figures 6.27 and 6.28) shows a correlation coeffi- 
cient of approximately 0.60 for both elapsed times. The value is well 


above the critical correlation coefficient of 0.46 at a one percent level 
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of significance. The slope and intercept is superior at an elapsed 
time of 2000 minutes than under equilibrium conditions. 

The statistical properties for the air phase uniqueness 

analysis deviate more from those of "perfect" conditions than either 
‘ie soil structure or the water phase. This is as anticipated since 
the air phase volumetric deformations are computed from the soil structure 
and water phase deformations. Any errors or limitations involved in 
either of the measured deformations are combined and in fact amplified 
in the uniqueness analysis of the air phase volume changes. Further 
detailed consideration is not given to the air phase volume change since 
its constitutive surface is not independently measured. On the other 
hand, if the soil structure and the water phase constitutive surfaces 
Show uniqueness, then the air phase constitutive surface must auto- 
matically show uniqueness. This reasoning tends to be confirmed experi- 


mentally by all tests and in particular by Sample #17 (5000 minutes). 


6.13.5 Sources of Deviation Between Predicted and Measured Soil 
Structure Volume Changes 

The measurement of the volume change of the soil structure 
is estimated to be within + 0.005 percent for samples #15A and #17 
performed on the one-dimensional oedometer. Samples #16 and #21 were 
performed on Triaxial Apparatus No. 1 and the reliability of their 
volume change measurements is slightly less. Although this may have 
some effect on the uniqueness analysis, it is definitely not the pri- 


mary factor producing deviations from a "perfect" uniqueness analysis. 


S8é 
| bezqsis n& Js yorreque eb tqaatetnt bis sqof2 ofT 9 ‘ 

























_anottibnos autydittups vebau nsdt estunta O08 

2eansuptay sesiq whe ont Wot estiveqoriq sottetsste oft 
~“sitita nedt enotttbnos “Joat1eq" To seen not som of 
gonte batsqfotins 26 ef aint | .226q ‘Wsisw sis 10 stw3 ge 
ewsiouyt2 [to2 ott mort besuqmos $16 2nortsmroteb oftrdomufov 
nt bevfovat enotisttmil vo evorve ynA .anotismoteb ezenq * 
betttfame tost nf bas bentdmoo 976 2notiemroteb bes v265m ons 
veitwi .2spnedo smulov s2edq vis edt to eteyfens een 
gont2 epnsdo omufov s2sdq tts efs oF novip.ton 2t notssisbi 
soito sdt nO .bsweeem yftnsbasqebnt ton ef gost we svttud 
esostiue svttutttenos s2siq, vetew odd bas swwssuise {foe 
-ojus t2um sostoue svtsustsendo szsiq 1f5 9Ad ond .2 
-tyaqxs besttittned 5d oF 2bnst patno2ssy erat . 22eneuprau 


.feoguntm 0002) TI% siqms2 yd ysluotiisq at bas et2903 Ife 


{ro2 bewessM brs besztbe1d neswtsd notssived to 


zspnsi) smfov 
gwiourse- {foe sit to spned> omufoy oft To snemo Zs 
STR bas AGTH 29lqmse w saso19q 200.0 + nitiw 9d od 


io ov St bas 3f% zofqms2 Bring snot 19m D110 9 


Aa eA ad Se hae 
ake stent to wi Ttdst isn a4 ets id sqqh Isixst 
| toes shh aeiaee 


= ‘e a> 
: 7 : 7 Le “~ -. + - [ 
TaN ae el : be act -. 
’ . i. yt oS ee 






383 


The non linearity of the constitutive surface and the effect of hysteresis 
are factors that should be considered. | 

The effect of a non linear constitutive surface can be partly 
compensated for by correcting all slopes to the same stress point in 
space. The assumption is made that the slope of the constitutive 
surface is constant on a semi-log plot of any stress state variable 
versus volume change. Each compressibility is also assumed to corres- 
pond to the mean of the initial and final stress state variable points. 
All compressibility values are then corrected to the mean stress state 
point of the measured volume change used for comparison. Table VI.10 
shows a typical set of calculations for Sample #16 (15000 minutes). 
Only the largest elapsed time results are analysed in this manner. The 
statistical properties are summarized in Table VI.11. 

Sample #15A showed a virtually "perfect" correlation using 
the linear analysis and remains essentially the same for the non-linear 
analysis. The non-linear analysis on Sample #16 (Figure 6.29) shows a 
marked improvement over the linear analysis. The correlation coefficient 
is well above the critical correlation coefficient for a one percent 
level of significance. The slope of the best-fit line approaches one 
while the intercept remains essentially the same as before. The non- 
linear nature of the constitutive surface appears to have a significant 
effect on the analysis of uniqueness. Sample #17 showed a slight de- 
crease in correlation coefficient when the compressibilities were 
corrected for non-linearity. 


Sample #21 did not show any improvement in the statistical 
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TABLE VI.11 
SUMMARY OF REGRESSION ANALYSIS USING A 
NON-LINEAR CONSTITUTIVE SURFACE 


enn 


Sample Constitutive No. of Correlation 

No. Surface Observations Coefficient Slope sinvercept 

15A Soil Structure 12 0.983 1.049 +0.014 
(5000 min) 

16 Soil Structure 12 0.820 0.928 +0.041 
(15000 min) 

17 Soil Structure 6 0.858 0.609 -0.111 
(5000 min) 

21 Soil Structure 30 0.410 0.339 -0.095 
(Equilibrium Soil Structure 
Conditions) omitting first 14 0.390 0.293. -°=0.242 

3 and last 4 


tests 








387 


properties as a result of the corrections for non-linearity. There 
appears to be some other factor affecting the data. Several regression 
analysis were performed on selected portions of the data to see if any 
particular set of data was introducing a large error. For example, the 
volume change data from the first three pressure increments on Sample 
#21 appear to be dominated by secondary compression effects and are 
therefore in question. However, their omission from the regression 
analysis did not improve the statistical properties. Also, the last 
four pressure increments were in an opposite direction from the remainder 
of the stress component changes. The omission of their results again 
did not improve the statistical properties. 

The next factor considered was the effect of soil structure 
hysteresis due to a reversal in the direction of deformation when the 
air pressure was decreased. The direction of the air pressure change 
produces a consistent water deformation direction; however, the soil 
Structure generally reverses direction. Table VI.12 shows a comparison 
of the measured and predicted soil structure volume changes when the 
air pressure was changed. The results are plotted on Figure 6.30. 

The one-dimensional test results on Regina clay indicate relatively 
close agreement between the predicted and measured values. The iso- 
tropic loading tests on Regina clay show the measured values greater 
than the predicted values. The isotropic loading of the compacted 
kaolin shows the measured values less than the predicted values. In 
this case, the reversal of stress produces essentially no volume 


Change due to hysteresis. 
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TABLE VI.12 
COMPARISON OF PREDICTED AND MEASURED SOIL STRUCTURE 
VOLUME CHANGES FOR A CHANGE IN AIR PRESSURE 








se eee 


Sample Test Soil Structure Volume Change (%) 
No. 0 
Measured Predicted 
penne et ee ee ee ee ee ee 
15A C-2 +0.040 +1).046 
C-5 +0 .039 -0.008 
16 C-8 —-+0..289 40.111 
C-11 +0.266 +0.067 
17 C-15 -0.060 +0.020 
21 C-19 -0.015 +0.18] 
C-22 -0.010 +0.235 
C-25 +0.179 +0.679 
C-31* +0.015 -0.131 


*Air Pressure Increased 


It would appear that hysteresis associated with the change 
in the air pressure may be the factor contributing to dispersion in the 
case of sample #21. The effect of hysteresis due to an air pressure 
change is investigated by assuming that the predicted volume change 
due to an air pressure change is equal to the measured volume change. 
The deformation due to a change in total and water pressures remain the 
Same. Obviously, this will produce an improvement in the correlation 
coefficient. However, conclusions must be based on the magnitude of 


the improvement of the correlation coefficient. 
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Table VI.13 summarizes the statistical properties obtained 
when the above procedure is used to compensate for hysteresis. Table 
VI.14 shows a set of calculations for sample #16. The results of 
sample #16 are plotted on Figure 6.31. The correlation coefficient 
increased slightly to 0.87. By omitting the data from the check using 
tests C-10 and C-11, the correlation coefficient improves to 0.93. Al- 
though there is some improvement in the correlation coefficient, it is 
not dramatic and may indicate that the Regina clay behavior approaches 
that of an elastic material. The slope of the best-fit line approaches 


45 degrees and the intercept is essentially zero. 


TABLE VI.13 
SUMMARY OF REGRESSION ANALYSIS USING A NON-LINEAR CONSTITUTIVE 
SURFACE AND APPLYING A CORRECTION FOR HYSTERESIS 


eee 


Sample Constitutive No. of Correlation 
No. Surface Observations Coefficient Slope Intercept 
en el fe ee 2 ee ee ee ee eee 
15A Soil Structure ye 0.969 0.971 -0.005 
(5000 min) 
16 Soil Structure i 0.868 1.145 -0.006 
(15000 min) Soil Structure 
(omission of Iy4 0.934 0.953 -0.006 
C-10 and C-11) 
17 Soil Structure 6 0.969 0.963 -0.008 
(5000 min) 
21 Soil Structure 30 0.831 0.829 +0.034 
(Equilibrium Soil Structure 
Conditions) (omission of first 15 0.939 0.957 -0.056 


3 and last 4 tests) 
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The statistical properties of sample #21 show a dramatic 
improvement as a result of compensating for hysteresis. Considering 
all the data, the correlation coefficient improved from 0.41 to 0.83 
(non-linear analysis). The slope of the best-fit line increased from 
0.34 to 0.83 and the intercept changed from -0.09 to +0.03. Omitting 
the results from the first three and the last four pressure increments, 
the statistics are further improved (Figure 6.32). The correlation 
coefficient rose to 0.94, the slope to 0.96, while the intercept went 
to -0.06. The analysis isolates soil structure hysteresis as the 
prime cause of dispersion from a unique constitutive surface for the 


kaolin sample. 


6.13.6 Sources of Deviation Between Predicted and Measured Water 
Phase Volume Changes 

The laboratory testing technique associated with the water 
phase constitutive surface is considerably more difficult than for 
the soil structure constitutive surface. This factor is in addition 
to the effects of non linearity and hysteresis. 

Sample #15A showed virtually perfect uniqueness for the soil 
structure constitutive surface. Therefore, non-linearity and hysteresi 
cannot be factors affecting the water phase constitutive surface. It 
is quite definite that sample #15A experienced some loss of moisture 
during the test and this factor was investigated. The water volume 
change for each load increment was plotted versus the elapsed time 
on an arithmetic scale (Figure 6.33). The plots show a gently curving 


section at the start, becoming asymptotic to a straight line portion 


393 


S 























£ee . 
otieme1b 6 wore (Sh ofqmse Yo eatirisqoyg Isottetsete Sat 
ontysbrenod .etesetevd sot pntdsensqmo>s to siuesy 6 26 9 
E8.0 of [4.0 mort bovovqmt tnstottts0o notisleyvros sad . 
mov? bezseront satl 2tt-teed ot to egofe ant .(2teyisne 
pnizrzimd .€0.0+ oF @0.0- mov? bepnséria Jqeorssnt saz brs © 
_2tnomeiant sywe2ee 1g wot ges! ant bus sevid Jevt? Sn2 mort 
nottsfevres of? .(SE.3 siwptt) bevorqmt yelswt S16 2oF 
inew fqgovdint ond alitrnw ,d0.0 oF sqole sons 2.0 of 9207 
eft 26 2t2ze1stevi siwtou1te [fo2 eetsloet ate iets ofT 
ort yet sostrwwe svitustisenoo suptnu 6 mort Mofeteqerb te 


8 


1936W bewweseM bas bedotbe19 nesowssd noftsstved To 23 

espns) smuloV 28 

sotew ont ditw bsdstooz2s supfaross pnitest iodine? 

“ot nsedd tluattttb som yidevebrenos 2f sastwe oviduct 

nortrbbs at et wotost efaT .sostwwe svituitsenos s ws | 

.2feoveteyn bas ystyseenti non to 

[to2 git vot 2zonouptnu tostieq vifsutaty bewode Azle of 

etesrateyd be ystrsenti-non ,sroteveAT .sa6twe evisusta 

31 .sostwwe ovitusttenos szsdq Teisw ond pntaaette 2 

a ae nate otonse oe 

Ft ghiee beqears? 

poggals oft ave i 
prtwrwa anes J 

md ¥ 


<7 iim 


io a 













<> i 







394 


21 


C=) 


( G3aIIddv NOIL93NYNOD 


DIYLINNIOA 


Q315103uNd 
01 8° 


V1Va3sA0 


SISSY3SLSAH ) 24. 3AIdWVS YO SNOILVWHOI3Z0 


Q3yNSV3W ONY 


(=) 
Q3yunNsvaN 





Q319I03¥d JO NOSIYVdWOD c£°9 8 3YNdIS 





r4 e 9° 8 ol 
e 
Bp 
7 
. O3LLIWO 
3Yv SIS3L YNnoOs ASV 3HL 
ONY S1S3L 33YHL USHId 3HL 
3LON 
8° ( O3IIdd¥ NOILD3YYOD SIS3Y3ISAH) 


SNOILIQNOD = WAINBITINOI 
3YNLONYLS 10s 
2m JIdWyS 





Bee 









7 ‘a BLP | : : 
: ier We 
’ 7 . 
> oe) ET 7 < ers a pf aR 
” - 
3 o> he D4¢ oF, whe 
- 


~¥ se y 
o 

Wo) 

Ge i 
$5 ‘ 
S. 

oS 

wi Sy bad 
29 

% 2 

3 § 

+ 

<> 1 
a 

2 1 vi 

C8 

23 

Ss 

vo. ad 
3+ 

é 





es 


ae 


pea 
aos 


395 


000s 





VSI» IIJWVS OS AWIL SNSY3A NOILYWYOS30) SIYLSWNIOA 


( SSLANIW ) 
00Ss 000s 00st 000b OOSe _—- CODE 


3WIL O3SdV13 
o0s2 0002 oos! 


Y3LVM 


ooo! 


e£9 J3HYNdIS 


VSI, 31dNVS 


YSLUM 


JidLIWNIOA 


NOILYVWYOI30 


(%) 


— a 
0008 OO&E OO0E 00es 000s 


( 23TUWIM) S3MIT Q32S9AI3 





sé. & ; 
Aa ZIIMA@ ROR SMIT 2U2eR3V VMOITAMAOT3O DIRTaMUJOV  ASTAW £68) cr) 


eet 


396 


at approximately 3000 minutes. This time corresponds roughly to the 
completion of primary consolidation as measured ni other tests. The 
straight line portion of the curves was extended back to zero time 

and the intercept was termed the excess of water entering or leaving 
the sample. The excess of water volume change was added to the soil 
structure volume change and used to check the uniqueness of the water 
phase constitutive surface. This method of analysis was used in an 
attempt to overcome the problem of the unknown amount of moisture lost 
from the sample. Although the procedure is not entirely satisfactory, 
it is probably the best estimate possible. 

Table VI.15 summarizes the measured and predicted water 
volume changes for sample #15A (Figure 6.34). The correlation coeffi- 
cient is 0.82 which is well above the critical correlation coefficient. 
However, the slope of the best-fit line is relatively low (0.55) and 
the intercept is quite far from zero (-0.12). Certainly the analysis 
is not as convincing as it was for the soil structure. From the 
above analysis it is possible to estimate the rate of water loss from 
each test. The mean rate is 0.349 percent per 5000 minutes. However, 
the rate appears to be quite variable. The standard deviation of the 
rates of water loss are + 0.297 percent per 5000 minutes. All the 
factors involved in the rate of water loss are not completely under- 
stood. 

If it is assumed that the water loss with respect to time 
is a constant, further comparisons can be made between the measured 


and predicted water volume changes. Table VI.16 shows the statistical 
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properties from the regression analysis after assuming rates of water 


loss from 0 to 0.6 percent per 5000 minutes. 


TABLE VI.15 
COMPARISON OF PREDICTED AND MEASURED WATER 
VOLUME CHANGES FOR SAMPLE #15A (5000 MINUTES) 
(WATER VOLUME = EXCESS WATER 
VOLUME + SOIL STRUCTURE DEFORMATION) 


——————————— 8 


Compressibilities Taken Stress Water Phase Volume Change (%) 

From Tests Change ——_—_—_- > ———_—_ 
Considered Measured Predicted 
(psi) 

ee ee ae ee. ee. ee 

C-1 and C-2 Ao = - 10 -0.300 -0.308 

C-2 and C-3 AU, = + 10 -0.299 -0.340 

C-3 and C-4 is Se 10 -0.060 +0.050 

C-4 and C-5 Ao = - 10 -0.323 -0.170 

C-5 and C-6 Bus ost 10 -0.250 -0.425 

C-1 and C-3 AupaSeas 0 -0.040 -0.048 

C-2 and C-4 Ao = - 10 -0.300 -0.290 

C-3 and C-5 Auge ale -0.250 -0.220 

C-4 and C-6 AUL ene 1,0 -0.080 +0.095 


Correlation Coefficient = 0.822 
Slope = 0.548 


Intercept = - 0.119 
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PHASE VI.16 
SUMMARY OF REGRESSION ANALYSIS FOR THE WATER 
PHASE CONSTITUTIVE SURFACE ASSUMING VARIOUS 
RATES OF WATER LOSS (SAMPLE #15A, 5000 MIN) 





Assumed Rate of 


(ee eels SORES Store ntrcen 
minutes ) 

0 12 0.514 aahe -0.538 
Oa2 12 0.605 0.196 -0.327 
0.4 iz 0.692 0.358 -0.129 
0.6 12 0.546 0.294 +0.019 


The best results are obtained at a rate of approximately 0.4 
percent per 5000 minutes. This corresponds to the results from the 
previous analysis. The lower correlation coefficient indicates that 
the rate of water loss is not a constant. The continuing improvement 
in the intercept values with increasing assumed rates of water loss, 
indicates that water loss must be a factor involved in the deviations. 

The water phase volume changes on Sample #16 (15000 minutes) 
were corrected for hysteresis due to a change in air pressure in order 
to examine the improvement in the statistical properties. The con- 
Stitutive surface is assumed as linear. Table VI.17 and Figure 6.35 


Summarize the results. 
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TABLERVI 327 
COMPARISON OF PREDICTED AND MEASURED WATER 
VOLUME CHANGES FOR SAMPLE #16 (15000 MINUTES) 
(COMPRESSIBILITIES CORRECTED FOR HYSTERESIS) 


eee ei 


Sage ee tes Beta sae Water Phase Volume Change (%) 
Considered =©§ —-—___________ 
(psi) Measured Predicted 
C-7 and C-8 Ao = - 10 -0.319 -0.235 
C-8 and C-9 Au =m () EO 324, -0.377 
C-9 and C-10 Au. = «10 -0.033 -0.142 
C-10 and C-11 Ao = - 10 -0.451 -0.452 
C-11 and C-12 Au =.+.10 -0.461 -0.593 
C-7 and C-9 Au, =-10  -0.058 +0.026 
C-8 and C-10 Ao = - 10 -0.319 -0.403 
C-9 and C-11 AU = ste lG -0.46] -0.328 
C-10 and C-12 Au, =- 10 -0.009 40.123 


Correlation Coefficient = 0.894 
Slope = 0.798 
Intercept = - 0.056 





‘© 


40] 


( daNddV NOILD3YNOD 


SWNMIOA = 3SVHd = Y3LYM 


0319103ud 


(=) s 


SISSY3SLSAH) 


Sly 31dWwvs 


G3YNSV3W GNY G3191034d 


¢ 


=) 
O3YNSV3W 


YO3J 


JO NOSINVdWOD 


( O31INdd ¥ 


S3JONVHD 


NOILI3SYNOD = SIS NB.LSAH ) 
S3LNNIN OOOS! e 


3SVHd = U3LVM 
Sig 3 1dWVS 


se9 3HyNDdIS 





bHY2E  AOMMINE 
4~) ¢ 


COMBECLIO“ VbbriED } 
MILES 


(HA2LEBESIe 


CHYMCES? LOK 2yNErE ,'e 
COWBYHI2Z0H Ob BKEDICLED vVD WeEvenwed 








3 GaN by atl ota 
ny CSAS Mie RE, ; 
lomes eM co eC 


ce et ee bee fbnactitsse 5 








402 


The correlation coefficient shows a dramatic increase from 
0.15 to 0.89. This is well above the critical correlation coefficient 
of 0.71 for a one percent level of significance. The slope increases 
from 0.43 to 0.80. The marked improvement in statistical properties 
indicates that hysteresis in the soil structure produces dispersion 
in the uniqueness analysis of the water phase constitutive surface. 

The Poisinat analysis on sample #17 showed a good correlation 
between the predicted and measured water volume changes. Therefore 
no further analyses were conducted. 

The water volume changes for sample #21 were corrected for 
hysteretic effects due to a change in air pressure (Table VI.18 and 
Figure 6.36). Once again the first three and the last four pressure 
increment tests were ignored. The correlation coefficient increased 
to 0.82 which is well above the critical correlation coefficient of 
0.46 for a one percent level of significance. The slope of the best- 
fit line increased to 0.54. The intercept was -0.63 which is higher 
than desirable but appears related to two "checks" showing a large 
discrepancy. 

The data definitely confirms that the water phase constitutive 
Surface is unique providing all testing technique limitations are over- 
come and there is no reversal in the direction of deformation of the 
Soil structure. All tests were performed with a continuously increasing 
water volume and thus there should be no hysteretic effects associated 


with the contractile skin. 
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Compress 
From 


C-21 and 
C-22 and 
C-23 and 
C-24 and 
C-25 and 
C-26 and 


C-21 and 
C-22 and 
C-23 and 
C-24 and 
C-25 and 


TABLE VI.18 


COMPARISON OF PREDICTED AND MEASURED WATER 


VOLUME CHANGES FOR SAMPLE #21 (EQUILIBRIUM CONDITIONS) 


(COMPRESSIBILITIES CORRECTED FOR HYSTERESIS) 


ibilities Taken Stress 
Tests Change 
Considered 
(psi) 
C-22 Au = + 10 
C-23 Ao = - 10 
C-24 Au, = - 10 
C-25 Au, = #10 
C-26 Ao = - 10 
C-27 Au, =- 10 
C-23 Au, =- 10 
C-24 Au, = +10 
C-25 Ao = - 10 
C-26 Au, = - 10 
C-2/7 AU = + 10 


Correlation Coefficient = 0.822 
Slope = 0.542 
Intercept = - 0.627 


Water Phase Volume Change (%) 


Measured 


.494 
246 
376 
.808 
605 
516 


peas 
~494 
esos 
.516 
mies 


Predicted 


-0.391 
-0.257 
-0.157 
=2.893 
=0.605 
-2.248 


-0.340 
-0.574 
+2.022 
-2.784 
-3.389 
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6.14 Theoretical Exploration of the Constitutive Surface for Larger 
Stress Changes and Reversals of Stresses 

In the previous section we used a reversible, linear model to 
consider small deviations from a state point. Now we wish to explore 
the possibilities of mapping an entire constitutive surface. This in- 
volves the consideration of large stress changes and the effect of a 
reversal in the direction of volume change. 

Hysteresis is a measure of the shortcoming or deficiency of 
the "mathematical" model from the "real" model (Jaunzemis, 1967). 
Hysteresis is generally associated with any substance that can maintain 
equilibrium under an applied set of forces. In the case of unsaturated 
Soils, it would be anticipated that both the soil structure and the 
contractile skin may exhibit hysteresis. 

It is well known that increasing and decreasing the effective 
stress on a saturated soil results in a series of hysteresis loops. 
In fact, every reversal in the direction of the deformation of the 
soil structure produces hysteresis. Therefore, hysteresis destroys 
the overall uniqueness of a constitutive surface. 

The contractile skin is also known to exhibit hysteresis. 
For example, the wetting and drying of an incompressible soil does 
not show complete reversibility with respect to the decapnataan of the 
contractile skin (Taylor, 1948; Childs, 1969). Since the soil structure 
and the contractile skin constitutive relationship independently exhibit 
hysteresis, the air and water constitutive surfaces will likewise show 
hysteretic effects. 


The inter-dependence of the hysteretic effects can be demon- 
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Strated either by examining the continuity equation or the differential 


form of the equation, S > e@=w-. Gero That: 385 


The equation shows that a change in the degree of saturation 
can result from either a change in water content or a change in void 
ratio. However, a change in the degree of saturation always corresponds 
to an opposite direction change in the air volume. 

There are two methods whereby the hysteretic effects infivence 
the constitutive surfaces. First, by reversing the directional change 
of one of the stress state variables and; second, by having one stress 
State variable producing deformation in one direction while the other 
Stress state variable is causing deformation in the opposite direction 
(Figure 6.37). In the second case it is possible todefine a monotonic 
Surface; however, it need not be unique. It can be stated that the 
“monotonic surface is unique only with respect to the stress paths used 
to define it. 

It is obvious that the constitutive surfaces are not completely 
unique for any unsaturated soil. However, an important question arises 
with respect to the second EHH of producing hysteresis. Will the 
constitutive surface be unique provided the deformations proceed in one 
directioy! (Figure 6.37). This question could be explored on a purely 
experimental basis but it would be extremely time consuming. Therefore 


tis worth while to examine theoretically the effects of various stress 
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CONSISTENT OIRECTIONAL CHANGE 
OF STRESS STATE VARIABLES 


(© -u,?) 


THE CONSTITUTIVE SURFACE 
INVOLVES BOTH LOADING 
AND UNLOADING OF 
THE SOIL 


( Ug -Uy ) 


INCONSISTENT OIRECTIONAL CHANGE 
OF STRESS STATE VARIABLES 


(TT - Uw) 


FIGURE 6.37 INCORPORATION OF HYSTERESIS INTO CONSTITUTIVE 
SURFACE BY INCONSISTENT OIRECTIONAL CHANGE 
OF STRESS STATE VARIABLES 
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changes on the direction of deformation of each phase. 

From the information presented in section 6.13 it is possible 
to anticipate the direction of deformation associated with various 
stress changes applied to a stable-structured, unsaturated soil. First, 
assume that the total, air and water pressures are changed independently 
and we desire to prevent a reversal in the direction of deformation 
of the soil structure. Table VI.19 shows the only possible stress 


changes that satisfy this requirement. 


TABLE VI.19 
STRESS CHANGES THAT PRODUCE A CONSTANT 
DIRECTION OF DEFORMATION OF THE SOIL STRUCTURE 





Soil Structure Contractile Skin Water Phase 


Stress Changes Deformation Deformation Deformation 
(Air Phase) 

Case I 

Increase o Decrease Decrease Decrease 
Decrease u. Decrease Decrease Increase 
Decrease U, Decrease Increase Decrease 
Case II 

Decrease o Increase Increase Increase 
Increase u, Increase Increase Decrease 
Increase u, Increase Decrease Increase 


Case II is merely the reverse of Case I and either case pro- 
duces uni-directional volume change of the soil structure. 
the contractile skin undergoes a deformation direction change during 


the change in water pressure. 


It is obvious that there is no possible 


However, 
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way to change all three stress components and maintain uni-directional 
deformations. The soil structure constitutive surface is likely to be 
affected by the reversal in deformation of the contractile skin. How- 
ever, it may not be very significant if the water pressure changes are 
not extensive. In other words, it may be a secondary factor as far as 
deformation of the soil structure is concerned. Experimental research 
is necessary to verify the above reasoning. 

Table VI.20 shows the stress change combinations that produce 


uni-directional deformation of the contractile skin. 


TABLE VI.20 
STRESS CHANGES THAT PRODUCE UNI-DIRECTIONAL 
DEFORMATION OF THE CONTRACTILE SKIN 


Contractile Skin 


Soil Structure Water Phase 





Stress Changes* : Deformation : 
: Deformation 
Deformation (Air Phase) efo ) 
Increase o Decrease Decrease Decrease 
Decrease u, Decrease Decrease Increase 
Increase UW, Increase Decrease Increase 


*Reversing all stress changes produces a second possible combination. 


The deformations of the contractile skin are uni-directional 
but the soil structure undergoes a deformation reversal during the 
change in water pressure. 


The above tables show that there is no way in which all three 
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stress components can be changed while assuring uni-directional volu- 
metric deformation of both the soil structure and the contractile skin. 
Suppose, however, that the stress in one phase is kept constant while 
the other two stress components are changed. This supposition is 
realistic since most practical siobiiene have at least one of the three 
stress components remaining constant. For example, in nature the air 
pressure tends toward atmospheric at equilibrium conditions. Let us 
examine the directions of deformation when the air pressure is kept 
constant (Table VI.21). 

Table VI.21 shows that when the total and water pressures are 
changed in opposite directions, the soil structure exhibits uni-directional 
deformations. When the total and water pressures are changed in the same 
direction, the deformation of the contractile skin is uni-directional. 

A similar analysis can be. conducted for the cases when the 
total and water pressures are Paderencently kept constant. Such an 
analysis shows that when the total pressure is kept constant, there is 
uni-directional deformation of the contractile Sey when the air and 
water pressures are changed in opposite directions. There is uni- 
directional deformation of the soil structure when the air and water 
pressures are changed in the same direction. In the case where the 
water pressure is kept constant, there is uni-directional deformation 
of both the soil structure and contractile skin when the total and air 
pressures are changed in opposite directions. If the total and air 
pressures are changed in the same direction there are deformation 
reversals in both the soil structure and the contractile skin. 

The only case of completely monotonic deformation appears re- 


lated to the changing of the total and air pressure in opposite directions 
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TABLE. VI.21 


DIRECTIONS OF DEFORMATION WHEN AIR PRESSURE IS CONSTANT 


a 


Soil Structure 


Sees eaC henge Deformation 


Case I 


Increase o 


Constant 
Decrease 


Case II 


Increase 
Constant 
Increase 


Case III 


Decrease 
Constant 
Decrease 


Case IV 


Decrease 
Constant 
Increase 


while the water pressure is kept constant. 


a unique constitutive surface for a stable structured soil. 


ra 


U 


W 


Decrease 


Decrease 


Decrease 


Increase 


Increase 


Decrease 


Increase 


Increase 


Contractile Skin 
Deformation 
(Air Phase) 


a et A cma ea nga tdci Mas NT a Ti cae 


Decrease 


Increase 


Decrease 


Decrease 


Increase 


Increase 


Increase 


Decrease 





Water Phase 
Deformation 


Decrease 


Decrease 


Decrease 


Increase 


Increase 


Decrease 


Increase 


Increase 


This case should produce 


(1967) performed tests on a metastable soil that was susceptible to 


structural collapse. 


was mapped by increasing totai pressure and increasing water pressure. 


In most of his tests, the constitutive surface 


Radhakrishna 
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The increases in total and water pressure each resulted in a decrease 
in the volume of the overall sample. The test results showed a unique 
constitutive surface for the soil structure under these conditions. 
However, if the soil structure had been stable, the constitutive surface 
would likely have involved hysteresis. The degree of saturation con- 
stitutive surface did not appear to be completely unique in Radhakrishna's 
work. 

In cases where only one stress component is changed in one 
direction, the constitutive relationship can always be assumed to be 


unique. 


6.15 Presentation and Discussion of Data on Hysteresis 


In the previous section, the author proposed that there were 
two hysteretic effects associated with the deformation of an unsaturated 
soil. To verify this point, a limited testing program was conducted. 

All tests were performed on compacted kaolin samples. The volume changes 
associated with the soil structure, the air and water phases are sum- 
marized in Table VI.22. All volume changes are normalized with respect 
to the total sample in order to compare the hysteretic effects with 


respect to a common base. 





Sample #19 was subjected to two increases in water pressure 
and then two equal decreases in water pressure. Sample #21 was subjected 
to one water pressure increase and later a similar water pressure de- 
Crease. The results of the soil structure, water and air phase volume 
Changes are plotted versus the (o-u,) stress state variable in Figure 
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Sample #20 was subjected to two air pressure decreases and 


then two corresponding air pressure increases. The results are shown 
in Figure 6.39. Also shown are the results of one total pressure load- 
ing and unloading increment on sample #21. 

Sample #17 did not show any swelling of the soil structure 
during the reduction of the (o-u, ) stress state variable. Rather, the 
sample underwent a slight volume decrease and further decrease upon an 
increase in (o-u,). There was some hysteresis in the soil structure 
but not nearly as much as experienced by the air phase. The air phase 
hysteresis loop indicates the hysteresis associated with the contractile 
skin. The water phase volume change reflects the combined response of 
soil structure and air phase. 

Sample #20 produced a large soil structure hysteresis loop 
as a result of decreasing and increasing the air pressure. The volume 
Changes were similar to those of the air phase. Therefore, the water 
phase underwent little volume change and hysteresis when compared 
with the soil structure and the air phase. Two hysteretic effects 
are occurring simultaneously and have almost the same magnitude. 

The hysteresis loop associated with the soil structure, 
due to a change in total stress, has not been investigated in detail. 
However, the change in total stress should produce a primary soil 
structure hysteretic effect and a secondary or consequential contractile 
skin hysteretic effect. 

The results verify that the hysteretic properties of a soil 
are not directly related to the stress component change or the stress 


State variable change. Rather, they are related to the direction of 
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deformation of the soil structure and/or the contractile skin. 


6.16 The Prediction of Volume Change in Unsaturated Soils 

The prediction of one-dimensional volume change has enjoyed 
a high degree of success when applied to saturated soils. The analysis 
is considerably simpler than the 2- and 3-dimensional analysis due to 
the constant total stress distribution. 

| One-dimensional problems can be analysed directly on the 

basis of the constitutive relationship. Let us consider an elastic, 
isotropic soil. The constitutive relationship applicable to the soil 


structure in the y-direction is, 





(or-Tye re.” (u_-u ) 
e S = Oo AE - et (co 510) =e ) + a os 6.42 
y ES ue H_° 
t t a 


The deformations in the x and z-directions are zero while 


their total stresses are equal. The constitutive relationship for the 


X or z-direction is, 





Su Mag kee eaig: Cave, By. ia EW 
ra = : (oy + ft 2-u) + - 6.43 





(oy-u.) = ale -u ) - u (u_-u_ ) 6.44 


Substituting into the deformation equation in the y-direction 


gives, 
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v 
e° P et. P : at — + (o,-u,) 
E E (1-v,>) 
c iB t 
2v,° E,° (u_-u_ ) 
- 1: 5 el Sih a ‘((u_-u_) + Eee 6.45 
= GE oe 4 a 
iL. ae | a 
Collecting the terms gives, 
d Snort pa es he 
e$ = (o,-u) — Se + (u,-u,) ae aa 
E, (1-v, ) H. (l+v, ) 
6.46 


The combinations of elastic constants can be written in terms 
of compressibility modulii. 


Let 


(1+,°)(1-2v,”) 





S ] 
m = . ———_—______——-_ and 
15 S S 
E, (1-v, ) 
ene o) 
H, (I+v, ) 


The first compressibility value is identical with that for a 
saturated soil. The stress state variables should also be written in 


terms of changes in stress. 


Integrating the volumetric deformations over the total height 


of the sample gives the total displacement in the y-direction. 
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S = - ~ is - 
Vy = H[m, d(oy u) + Mm. d(u, wey] 6.48 


where H = height of sample or layer under consideration. 


If the total, pore air and pore water pressure boundary con- 
ditions and the compressibility soil parameters are known, the deforma- 
tion of the soil structure can be computed. The soil parameters can 
be measured in a specially designed oedometer that can control the 
total, air and water pressures applied to a sample. 

S 


S 
The my and Mm. 


changing the total and air pressures respectively and measuring the 


soil parameters are measured by independently 


volume changes of the soil structure. Generally the problems of most 
practical interest involve changes in the total and/or water pressures. 


In this case it is advantageous to write the relationship in the follow- 


ing form. 
Saami Sie eee Sy ‘ 
ay H[m, d(o u,) +m d(u, u) J 6.49 
where m,- = one-dimensional compressibility of the soil structure 
when the total stress is changed 
m = one-dimensional compressibility of the soil structure 


when the water pressure is changed. 


The soil structure or total sample volume changes can be 
predicted independently of changes in the degree of saturation. If the 
volume-weight soil properties are desired, the constitutive relation- 


Ship for the contractile skin must be considered. It can be analysed 
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in the same manner as the equation for the soil structure. The final 


form of the equation is, 


Ce. Oey. a. ‘ 
Nyed H[m, d(o u,) +m d(u, u)] 6.50 
where m,° = one-dimensional compressibility value computed from 
the change in air volume due to a change in total 
pressure 
m_* = one-dimensional compressibility value computed from 


the change in air volume due to a change in water 


pressure. 


The above equations are primarily applicable to cases where 
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the total stress increases or decreases and the water pressure increases. 


In the event that the water pressure decreases, the soil sample pulls 
away from the sides of the oedometer ring producing three-dimensional 
volume change. 

In order to apply the above equations, it is necessary to 
know the initial and final air and water pressures. In many cases the 
final pressures are a function of the microclimatic conditions. This 


is an area that warrants further research. 
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6.16 Typical Constitutive Surfaces For Regina Clay 

Four volume change tests were performed with the object of 
mapping the constitutive surface for natural Regina clay. Two of the 
samples were tested in the one-dimensional oedometer (sample #33 and 
#34). The other two samples were tested under isotropic loading 
conditions in the triaxial apparatus (sample #32 and #35). The volume- 
weight properties and the pressure change data are tabulated in Ap- 
pendix F (Section III). 

After the samples were placed in the apparatus, the total 
and/or air pressures were increased to prevent the swelling of the 
overall sample. An attempt was made to establish considerably dif- 
ferent initial stress state variable conditions. However, this meant 
that the degrees of saturation at the initial equilibrium conditions 
could vary. 

The constitutive surfaces were mapped by decreasing the total 
and air pressures until the suction was less than approximately 10 
psi. Then the total pressure was further reduced. The load increment 
ratio with respect to the (o-u, ) and (usu) stress state variables 
Was always approximately one. 

The purpose of this section is not to give a detailed analysis 
of constitutive surfaces but rather to present typical experimental 
data on a natural soil. The overall volumetric deformation data from 
the one-dimensional oedometer tests are presented in Figure 6.40. 

The isometric presentation is suitable for a qualatative view of the 


constitutive surface but it is generally unsuitable for engineering 
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analysis. The plotdoes, however, show that the constitutive surfaces 
from the two samples essentially matches even though there was a de- 
formation reversal in the soil structure. The close agreement is 
likely related to the essentially elastic nature of the ov2rconsoli- 
dated Regina clay. Figure 6.41 shows the same data plotted with the 
stress state variables on the axes and the volume changes as contours. 
Even with the limited amount of data from the two tests, it is easy 

to sketch the contours of volumetric deformation. The results indi- 
cate that there is a zone which is very insensitive to volume change. 
It originates from a value of approximately 20 psi on the (o-u. ) axis. 
(This value is commonly referred to as the swelling pressure). The 
zone forms a trumpet with one edge of the bell intercepting the 
(u,-u,) axis at approximately 77 psi. (This value would correspond 

to the initial suction under zero applied load. The plot is convenient 
for the assessment of volume change since the volumetric deformations 
corresponding to any two stress states can be quickly read from the 
plot. The isotropic loading of Regina clay produced a similar plot 
(Figure 6.42). 

If the initial void ratios of the samples tested differ signi- 
ficantly, the volume change results should be plotted in terms of the 
actual void ratios or porosities. The void ratios from the tests per- 
formed on the oedometer are plotted in Figure 6.43. They show the 
Same behavior as the volumetric deformation plot since the initial 
void ratios were essentially the same on the two samples tested. 


Any of the volume weight soil properties can be plotted versus 
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REGINA CLAY CONSTITUTIVE SURFACE 
( ONE - DIMENSION OEDOMETER ) 
DEPTH = 75 FEET 


OVERALL 
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FIGURE 6.41 OVERALL VOLUMETRIC DEFORMATION VERSUS 
STRESS STATE VARIABLES FOR REGINA’ CLAY 
( ONE - DIMENSIONAL OEDOMETER ) 
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REGINA CLAY CONSTITUTIVE SURFACE 
70 (ISOTROPIC LOADING ) 
DEPTH = 7.5 FEET 
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FIGURE 6.42 OVERALL VOLUMETRIC DEFORMATION VERSUS STRESS 
STATE VARIABLES FOR REGINA CLAY ( ISOTROPIC 
LOADING ) | 
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REGINA CLAY 
( ONE - DIMENSIONAL OEDOMETER ) 


® SAMPLE *33 
X SAMPLE *34 
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FIGURE 6.43 VOID RATIO VERSUS STRESS STATE VARIABLES 
FOR REGINA CLAY 
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any two of the stress state variables. Figure 6.44 shows the degrees 


of saturation versus the stress state variables for the oedometer tests. 
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REGINA CLAY 
(ONE -OIMENSIONAL OEDOMETER ) 
DEGREE OF SATURATION 
© SAMPLE * 33 
X SAMPLE * 34 
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FIGURE 6.44 DEGREE OF SATURATION VERSUS STRESS 


STATE 
VARIABLES FOR REGINA CLAY 
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CHAPTER VII 
TRANSIENT FLOW ANALYSIS 


7.1 General 

The transient flow analysis presented in Chapter VII is re- 
stricted to the one-dimensional case. The two and three dimensional 
cases can be readily formulated; however, there is little use in 
formulating them until the equations associated with the one-dimensional 
case have been experimentally verified. 

The object of a transient flow analysis is the prediction of 
the pore pressure components and the volume change with time. The 
process can be initiated by a change in one or more of the pressure 
components. The total pressure variation with time is generally a 
known function. However, the air and water pressures must be computed. 
Since there are two unknown pressure components, two simultaneous 
equations with only these two unknownsmust be formulated and solved. 

In order to formulate the transient flow problem for unsatu- 
rated soils, additional physical relationships must be incorporated. 
The first involves the flow laws for the air and water phases. The 
second area involves the conservation of mass for each phase of a 


multiphase system. 
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7.2 Literature Revie on Transient Flow 

Terzaghi (1943) stated that small amounts of air affected 
the rate of settlement but not the total amount of settlement. His 
comments were in keeping with Biot's (1940) research work. Biot's 
analysis of the transient flow problem is remarkable, keeping in mind 
the knowledge on unsaturated soil behavior at that time. Some of the 
characteristics of the analysis are as follows: 

(i) The constitutive relationship for the soil structure has 

two stress state variables; however, the second one nS), Us 

rather than (u,-u,). 

(ii) The constitutive relationship for the water phase has two 
Stress state variables. Again, Ws, is used as the second 
stress state variable. 

(iii) The compressibility of the soil structure and the fluid 
phase are used to evaluate the initial pore water pressure 
as a result of the application of a total stress increment. 

(iv) A coefficient is derived to estimate the instantaneous 
compression. 

(v) The flow of water from the soil is assumed to obey Darcy's 
Law. The air makes the pore fluid compressible but it was 
not assumed to flow from the soil in accordance with an 
independent flow law. 

(vi) No account is taken of air going into or coming out of 
solution. 

To the author's knowledge, Biot's analysis has never been 


put in contemporary terminology and solved. 
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43] 
Scott (1963) attempts to formulate the transient flow problem 


but is unable to satisfactorily complete the analysis. The main handi- 
cap relates to the lack of a constitutive relationship for the contract- 
ile skin. Also, no mention is made of a flow law for the air phase and 
the divergence of the air phase is not considered in the continuity re- 
quirements. 

In 1965, Barden presented his analysis of the consolidation 
of an unsaturated compacted clay. Darcy's flow law is independently 
applied to the air and water phases. The derivation of the consolida- 
tion equation originates with the continuity of mass equations for the 
air and water phases. The change in overall porosity terms, occurring 
in the air and water continuity equations are linked with a soil structure 
constitutive relationship by means of Bishop's effective stress equation. 
The x term becomes a non-unique, empirical parameter that must be evalu- 
ated experimentally. Barden lacks the constitutive relationship des- 
cribing the contractile skin and is therefore unable to complete the 
analysis without making broad, simplifying assumptions. 

Barden (loc cit) classifies the consolidation processes of 
compacted clays into the following categories. 

(i) An extremely dry clay where the degree of saturation is 
less than 50 percent. The air voids are interconnected 
and only air will flow out of the consolidating clay. 
(ii) A clay dry of optimum with a degree of saturation ranging 
50 to 90 percent. He states that "water stil] does not flow 


out from the clay". 
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err) Clays in the region of optimum water content when both air and 
water flow simultaneously. 

(iv) Clays wet of optimum with a degree of saturation in excess 
oT 9O°percent.- The air exists*in an‘ occluded’ sta terandcan- 
not flow as a separate continuous fluid. 

(v) Very wet clays with a degree of saturation greater than 95 

percent. The fluid flowing from the clay is "fairly com- 


pressible". 


De Wet (1965) presented a three-dimensional moisture move- 
ment formulation for an unsaturated soil. He commences the analysis 
with the conservation of mass, stating that eife volume change is equal 
to the net loss of fluid and the mass transfer between the fluid and 
vapor. Biot's linear elastic model (1940) is criticized and in its 
place de Wet combines the conservation of energy and Gibb's equation of 
energy production to produce a relationship in terms of the product 
of "forces" and "fluxes". The forces are related to the fluxes by 
linear phenomenological equations in the hevguenand of the equili- 
brium state. The author cannot completely agree with this portion of 
the analysis since de Wet has not used proven stress state variables 
to formulate the constitutive relationships. 

Aitchison (1965) presented the differential 
equation for water movement in unsaturated soils that is common to the. 
Soil science literature. The analysis considers water movement in 
response to a change in suction. It is based hae the conservation 


of mass of the water phase only and a flow law for the water phase. 
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It should be noted tnat the analysis fails to recognize that two stress 
state variables are operative rather than one. The formulation of 
flow is based on diffusivity rather than the coefficient of permeability. 
The use of diffusivity is common in the soil science literature and is 
incorporated as a consequence of a lack of understanding of the con- 
Stitutive relationships involved. The continuity equation does not 
account for the solution of air in water, the movement in the air phase 
and volume change of the soil structure. In view of the above limita- 
tions the soil science analysis cannot be considered as a general and 


Satisfactory analysis for soils engineering. 


7.3 Flow Laws 
Flow laws are the consequence of the fact that forces applied 
to liquids cause flow. Darcy's law is generally accepted as satis- 


factory for describing the flow of water through a saturated soil. 


] ou 
ve- ke —e doa 
Yw dZ 
where k = coefficient of permeability (cm/sec) 
v= superficial velocity (cm/sec) 
u = pressure in the fluid (gins /cm*) 
Ve te density of water which is used to convert any fluid 


pressure to an equivalent head of water (gms/cc) 


The coefficient of permeability depends on the properties 


Of the fluid and the medium through which flow is occurring. 
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where K = material coefficient of permeability which is a 
function of the porous medium alone lcaysec*), 
y = density of the pore fluid (gms/cc) 
u = viscosity of the pore fluid (gm/cm.sec) 


This value should not be confused with the kinematic 


viscosity which is u/y. 


Since the material coefficient of permeability is theoretically 
a constant, it is possible to compute the ratio of the coefficient of 
permeability with respect to air to the coefficient of permeability 


with respect to water. 
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Typical values of the k./k ratio for various temperatures are 


presented in Table VII.1, 


TABLE VII.1 
TYPICAL Kot Sw RATIOS 


Temperature °C k/ky 
10 0.0927 
20 0.0670 


30 0.0501 


A 
ss 


0480.0 





0€ 


rn rf 
WCU 


435 

The results indicate that the coefficient of permeability, 

(as defined by Darcy's law) with respect to the air is from 5 to 10 
percent of the coefficient with respect to water. The above analysis 
assumes that the material coefficient of permeability remains the same, 
regardless of the pore fluid used for its measurement. This is not 
completely true and it has been shown that the material coefficient of 
permeability with respect to air is higher than the material coefficient 
of permeability obtained using water (Corey, 1937; Scheidegger, 1960). 

The above results are contrary to Barden's statement (1965) 
that "the value of k, is so high that despite the compressibility of 
air the transient process will in general not take long”. 

Fick's law is another flow law which is used in a number of 
mass transport processes such as thermal and osmotic migration of 
liquids through membranes and the molecular diffusion of gases and 
liquids (Crank, 1956; Poulos, 1964). Fick's law states that the velo- 


city is proportional to a concentration gradient. 


Ny oc. 
v=-D a7 7.4 
where Dew <8 iif fusivi ty (cm*/sec) 
v= superficial velocity (cm/sec) 
c= concentration (ratio by volumes) 
‘s = concentration gradient (per cm) 


The decision as whether to use Fick's or Darcy's law must be 
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based on the physical phenomenon taking place. Fundamentally, a com- 
pressible or incompressible fluid does not flow through a porous medium 
in respense to a concentration gradient but rather in response to a 
force gradient. 

In order to better understand the independent roles of the two 
laws, let us consider a sample of sand which is subjected to differing 
gas compositions at the top and bottom. Let the gas at the top consist 
of 80 percent oxygen and 20 percent nitrogen, and be subjected to a 
pressure of 2 atmospheres. Let the gas at the bottom consist of 20 
percent oxygen and 80 percent nitrogen, and be subjected to a pressure 
of 2 atmospheres. Darcy's law shows that there will not be an overall 
gas flow. However, Fick's law shows that the oxygen will diffuse from 
the top to the bottom and the nitrogen will diffuse froni the bottom 
to the top until the concentrations are equal. 

A change in the gas pressure at one end of the sample causes 
flow that is basically described by Darcy's law. However, there is an 
indirect sense in which Fick's law applies as a result of the general 
gas law which relates overall concentration and ee 

Let us briefly review the research literature associated 
with the flow of air and water through an unsaturated soil. In 1950, 
Childs and Collis-George (Childs, 1969) conducted an experiment to directly 
verify the use-of Darcy's: law to describe the flow-of water through an un- 
saturated soil. They devised a method whereby the water content 
and the suction were maintained constant throughout a column of unsatu- 


rated soil. Various magnitudes of gradient were applied and "the rate 
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of flow for a given degree of saturation was proportional to the poten- 
tial gradient, as in the case of saturated materials". 

Child's (1969) explanatory argument proceeds as follows: 

"The conductivity channels in the unsaturated material are those pores 
which are full of water at a particular suction corresponding to the 

chosen moisture content. The air-filled pores are ineffective since 

water can hardly pass through a pore without occupying it. It follows 

that the air-filled pores could be filled with solids, such as wax, without 
affecting the rate of flow of fluid through the remaining pores, and the 
porous material treated in this way must now be regarded as a new satu- 
rated material with the same properties as the original unsaturated 
material". 

Olsen (1965,1966) has reported excellent conformity to Darcy's 
law for compacted kaolin. Darcy's law indeed appears essentially veri- 
fied and certainly satisfactory for unsaturated soils. 

The flow of air from an unsaturated soil has been ignored 
in most flow analysis. However, Barden (1965) applied Darcy's law 
to the air phase in his consolidation theory. Blight (1971) presented 
the results of laboratory tests where air was passed through dry soils. 
The steady state flow results were analysed with respect to Fick's and 
Darcy's law. The laboratory results indicate that either law adequately 
describes flow behavior. Yalin (1971) summarizes the results of a large 
number of tests that were performed using various pore fluids in dif- 
fering porous mediums. The results indicate similar material coefficients 


Of permeability regardless of whether oi], water or air was used as the 
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pore fluid. 


7.4 Diffusivity Concept Applied to Flow in Unsaturated Soils 


Common to most research literature on flow through unsaturated 
soils is the statement that Darcy's law must be modified prior to its 
application. Swartzendruber (1969) states that there must be a modi- 
fication to Darcy's law that "involves the recognition that the air- 
filled pores will reduce the effective cross-section for liquid flow 
and will increase the tortuosity of the remaining liquid flow path". 
Therefore, the coefficient of permeability for unsaturated flow" be- 
comes a function of water content". "Arguments of this type were first 
set forth by Buckingham (1907) ...". 

Childs and Collis-George (1948) adopted Buckingham's postu- 
late and developed the diffusivity approach to flow in unsaturated soils. 
Their approach has become widely accepted in the soil science field but 
has only recently been introduced to soil mechanics by Richards (1969). 

Richards (loc cit) states, "It has now been clearly established 
that water flow in partially saturated soils closely obeys a modified 
form of Darcy's law for saturated sands". He writes the coefficient of 
permeability as either a function of water content or suction. 

In view of the above statements, the question arises, Why 
is the non linearity of the coefficient of permeability with respect 
to water content so extremely important in transient flow analysis in 
unsaturated soils when it can be successfully assumed a constant in 
the transient flow analysis of saturated soils? It is well known that 


the coefficient of permeability for a saturated soil is a highly non- 
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linear function of void ratio or water content (Lambe and Whitman, 1969). 
Therefore, the necessity of making the coefficient of permeability a 
function of water content when analysing unsaturated soils suggests the 
omission of an element of physics from some aspect of the analysis. 

Darcy's law is written as a function of water content by 
recognizing that suction is also a function of volumetric water content, 
6. The slope of the constitutitive relationship between water content 
and suction, a(u,-u,,)/90, is multiplied by the coefficient of permeability 
to form the term generally referred to as soil-water diffusivity, D 


(Swartzendruber, 1969; Childs, 1969). 


d(u_-u_) 
é -1 a Ww $ 
D(e) = k(@) - x5 7.5 
W 
where D = diffusivity (cm2/sec). 


The diffusivity term becomes a combination of two soil para- 
meters. When the diffusivity term is inserted in the flow equation, 


flow becomes a response to a moisture content concentration gradient. 


yent Srerece 7.6 





Childs (loc cit) points out that the equation shows "that 
the flow of water is directly proportional to the gradient of moisture 
content in the direction of the flow, a law which is obeyed by the 
molecular diffusion of solute through its solvent and which is known 


as Fick's law". Combining this equation with the continuity equation 
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for the water phase results in the common one-dimensional diffusion 


equation, 


so =p + 23 Pd 


The diffusivity coefficient is comparable to the coefficient 
of consolidation, Cys in the consolidation theory of a saturated soil 
(Richards, 1967). 

Basically, their flow equation can be questioned since water 
does not flow in direct response: to a concentration gradient. The form 
of the equation reminds us of Fick's law and Childs (1969) attempts 
to justify the equation by stating that the flow equation "is now commonly 
referred to as the diffusivity of water through the soil, and one may 
also, if somewhat loosely, refer to the diffusion of water through the 
body". 

It appears that the soil science analysis improperly incorporates 
basic physics. First, the contractile skin has not been recognized as 
an independent phase that comes to equilibrium. Second, even if the 
Slope of the moisture content characteristic is considered as a con- 
stitutive relationship, it only contains one of the two stress state 
variables involved. 

The coefficient of permeability of air and water are actually 


functions of two volume-weight soil properties. It may be written as 
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k = k(e,w) or 


k = k(S,w), etc. 7.8 


During a transient flow analysis, the volume-weight properties 
can be considered as constants providing their changes are not large. 

The necessity of making the coefficient of permeability a function of 
water content (in the soil science literature), is the result of not 
properly incorporating the constitutive relationships for an unsaturated 
soil. 

The research literature often contains statements to the effect 
that water flows in response to a suction gradient (de Wet, 1967; Richards, 
1969). Basically, this is also false since the suction gradient is a 
gradient of one of the stress state variables controlling the behavior 
of the unsaturated soil. However, it is the components of suction 
that act on the fluid phases that produce flow. They can be acting 
in the same direction or opposite directions. In each case the suction 
is the same but the flow directions are different. This reinforces the 
findings of the equilibrium analysis that showed that the stress state 
variable describing the behavior of the water phase was Uys and the air 


phase was us: 


7.5 Continuity 
In Chapter V the volumetric continuity requirement was given 


as the unifying relationship between the independent phases of a continuum. 
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In transient flow analysis the continuity requirement must be satisfied 
at all times and can be written as a partial differential with respect 
to time. The continuity requirement can be written in alternate forms 
by applying the principle of the conservation of mass to each phase of 
a multiphase system. 

The formulation of the continuity equation, written in terms 
of the conservation of mass depends upon the type of element under con- 
sideration (i.e. referential or spatial element). Most of the soil 
mechanics literature uses a referential element for the soil structure 
and a spatial element for the water phase (Terzaghi, 1943). The conso- 
lidation theory has also been derived on the basis of a spatial element 
for both the soil structure and the water phase (Gibson, England and 
Hussey, 1967; Lee, 1968). Two compensating differences arise in these 
two formulations. When a spatial soil structure is used, Darcy's law 
must be written in terms of absolute velocities and the continuity 
equation takes a different form from the case of a referential element. 
The two differences compensate and the final equations are the same for 
conditions of infinitesimal deformations. The differences in the forms 


of the continuity equations follow. 


7.6 Transformation Between the Referential and Spatial Descriptions 


of Motion 
The motion of matter is generally defined either in terms of 
a referential or spatial element. This section formulates the trans- 


formation equation between the two systems. 
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In the referential description, the position of a "particie" 
and time, t, are the independent variables. In the real world, “particle' 
refers to a small identifiable mass of the substance under consideration. 
This system of designation is commonly referred to as the Lagrangian 
description and the coordinate designations used in this thesis will 
be Xs Xo and Xo. In the spatial description, the position of a "point" 
in space and time are the independent variables. The term "point" is a 
fixed position in space without respect to the material substance. 

This system of designation is commonly referred to as the Eulerian de- 
Scription and the coordinates will be designated as Ars ay and a3. 

For clarity, let us consider motion in only one-dimension. 

The velocity of a "particle" in the referential (Lagrangian) descrip- 
tion is written, 


= && (x,t) a) 


ite) 


Vxl 
The velocity of a "point" in the spatial (Eulerian) des- 
Cmiption is, 


= OX 
V can (a, st) 7.10 


xl 
If we know the spatial description and not the referential 

description, we can formulate a transformation between the two desig- 

nations (Malvern, 1969). Let us assume that there exists a sufficiently 


differentiable and singled-valued function defining the motion of a 
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"particle". Therefore a relationship can be written between the velo- 


cities in the two systems of designation (Hodge, 1970) 
V (xy ot) |, = v[x(x,,t),t]], To) 


The particle velocities can be differentiated with respect 
to time by means of the chain rule of calculus. 
dV OV OV 


si “ X = OX 7.12 


OX 2 ot 
Since’x"1S"a function of xy and time, t, the dx/ot can be 


written as the velocity of the "particle", v Therefore, 


a 
Vy ov, avy. 
cma er east mn Tm 

or 
Vy Ky avy 
=A} 2 ky wy x 7.13 
at’. Moe 7. XG¥ OX 


This equation allows the transformation from a spatial to a 
referential description of motion. The same type of transformation is 
used in other transport phenomena such as heat flow (Murray and Landis, 
1959). In fact, this type of transformation can be used for any ma- 
terial property if its spatial description is known. For example, if 


the spatial description of density is given by a function, 
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y = y(x,t) 7.14 


the rate of change of density in the neighborhood of the “particle” 


is given by 


7.7. Continuity with Respect to a One Phase, Spatial and Referential 
system 


The continuity of a one phase system is first derived for 
a spatial (Eulerian) element. Then the corresponding equation for a 
referential (Lagrangian) element is obtained by use of the transfor- 
mation equation. 

Consider an arbitrary volume, V, fixed in space which is 
filled with a continuous medium of density, y, at time, t. (Malvern, 


1969). The total mass, M, in the volume is, 
M= | || 1518 
V 
Let us assume the existence of a continuous density function. 


This is actually the definition of a continuum. Differentiating with 


respect to time gives the rate of change of total mass in the volume, 
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This is the conservation of mass and can be physically inter- 


preted as showing that the rate of change of mass in the volume is 


exactly equal to the amount of mass flowing into or out of the volume 


per unit of time. The flux through an element on the surface of the 


volume, V, 7S, 


where 


vy » vel ds eats) 


v= the outward normal component of velocity 


ds = an element on the surface of the volume. 


The flux is integrated over the surface of the volume and by 


use of Gauss' theorem, the surface integral is converted to a volume 


integral. 
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Substituting into the oM/at equation gives, 
d(yev,) alyev,)  alyev,) 
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Only the integrand must vanish or be satisfied at all points 


in the region. Therefore, 


oY. ] ° = 
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where div = divergence 


The second term is the derivative of a product and can be 


expanded as, 





yy Ley ty ae = 0 7.23 


The equation is a consequence of the conservation of mass 
and is known as the continuity equation of a one-phase system using a 
spatial element. The change in density with respect to time, dy/dt 
is with reference to a spatial element and must be transformed when 


considering a referential element. 
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| = 24 . 
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e oy 
Vy Ox! 7.24 


Substituting ay/dt| . jnto the previous continuity equation 


gives the continuity equation for a one-phase referential element. 


SY) + y+ —*= 0 7.25 
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The equation shows that the divergence of the velocity field 


is equal to -l/y ° dy/ot. 


7.8 Continuity with Respect to Multiphase Systems 


The previous continuity equations apply to a one-phase system 
and can now be applied to multiphase systems in accordance with the 
overall volumetric continuity requirement. In other words, the con- 
servation of mass requirements are incorporated into the analysis 
through a volume restriction. 

For a saturated soil, the continuity requirement states 
that the deformation in the soil structure is equal to that of the 


water phase. This reasoning must apply at all times. 


Ce oe 1.226 


Consideration is herein given to the one-dimensional case only. 


The soil structure is of the referential type of element and has the 


following continuity relationship associated with it. 
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where ey = velocity of the soil structure in the z-direction 
‘ie dry density of the soil. 
The velocity term can be written in terms of the soil structure 
displacement. 
ow 2 
oVe7 eras 798 
OZ oz : 
where Ww,” = displacement of the soil structure in the z-direction. 
Writing the velocity derivative in terms of deformation 
gives 
3eM : S 
aes 7.29 
aac | ot a 
S 
since et Ei skagis 
OZ z 


The above analysis shows that the rate of deformation term 


in the continuity requirement can be written in terms of 


(i) the divergence of the velocity, 


(ii) the change in dry density or 


(iii) 


simply left in terms of the rate of deformation. 


All forms are acceptable; however, since the previously developed con- 


Stitutive equations relate the deformation to the stress state variables, 


‘ the continuity requirement is best left in its original form. 
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The water phase has a spatial type of element and the general 
continuity equation in one-dimensional is of the form, 


EEN LGR, ; 


si at ls fee 0 7330 





The inclusion of the porosity term in the continuity equation 
warrants some explanation. The first density term in the above equation 
is defined with respect to the entire element. Therefore, the density 
can either be redefined as the weight of water with respect to the entire 
element or as the porosity times the actual density of the phase. The 
second alternative is selected. The second term, t Verge Dre does not have 
a porosity term since the velocity is a superficial velocity defined 
with respect to the entire element. 

When the above equation is expanded, the rate of change of 
the water density and the spatial derivative of water density drop out. 


Therefore, 


w+ = 9 7.31 


The change in porosity is equivalent to a change in volume. 


Therefore, 
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In this case, the divergence of the velocity term is the most 
useful designation since we have Darcy's law relating the velocity of 


flow to a pressure gradient. Substituting into the differentiated form 


of the continuity requirement gives, 





aE 7 7.33 


This is the commonly used continuity requirement for a saturated 
soil emement. 

In the case of an unsaturated soil there is the addition of the 
air phase and the contractile skin. In writing the continuity requirement 
let us combine the volumetric deformation of the contractile skin with 
the volumetric deformation of the water phase. The differential form of 


the continuity requirement is, 


= 964 SE 7.34 


The soil structure and water phase portions of the continuity 
equation remain the same as for the saturated soil case. The air phase 
has a spatial type of element and the principle of the conservation of 


mass allows it to be written 
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Expanding gives, 
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Dividing by 1e and solving for the rate of change of porosity 
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Substituting into the continuity requirement gives, 
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The density of the air phase is written in terms of the 


pressure in the air phase by means of the gas law. 
Cs u,/(R°T) 7.39 


The solution of air in water does not enter into the density 
formulation but rather into the velocity term. The velocity term, v 
involves two types of air flow from the space occupied by the free air 
First, there is the flow of air past the boundaries of the element by 
way of the air voids. Second, there is the flow of air in and out of 


the water phase. Thus the velocity should be divided into two terms, 
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et d 
i deal Tailed v3 7.40 
where Van = velocity of the free air flow past the boundaries 
of the element 
vas = velocity of the free air flow through the contractile 


skin into the water phase. 


Darcy's law describes the flow of air past the boundaries of 
the element. However, another independent flow law (Fick's law) is 
required to describe the velocity of air passage into and out of the 
water. In this second case, the boundary conditions are different 
and a correct analysis is indeed difficult. Therefore, various 
simplifying assumptions are made concerning the diffusion of air into 
the water. The simplest procedure is to assume that the quantity of 
air involved is negligible. As the degree of saturation decreases, 
this assumption becomes more reasonable. Another solution is to assume 
that the diffusion of air into the water is instantaneous and directly 
dependent upon the air pressure. No attempt is made to formulate the 
solution for this case. 

In Chapter V it was shown that the volumetric deformation of 
the contractile skin could also be mapped in terms of the volumetric 
deformation of the air phase. It was emphasized that this did not con- 
stitute an independent continuity requirement but rather that it placed 
an independent physical restriction on the continuity requirement. In 


Other words, the results from the continuity equation must also satisfy 
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the two representations of the air volume change. 

The physical restriction on the continuity equation can be 
stated as follows. The air volume change can be written in terms of 
its compressibility and divergence of flow or in ae of a constitutive 
relationship for the contractile skin. This was the equation obtained 
when considering the continuity of the air phase in terms of the con- 


servation of mass. 


2 migek toaganc angi Pas real 7.4] 
ot ip ot 02 ie 0Z 
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ger _ det 
Pe) P) 


7.9 Categorization of Processes 


Barden (1965) categorized unsaturated soils into five types 
for transient flow analysis purposes. On the basis of our laboratory 
results and theoretical considerations, the author has subdivided the 
entire range of saturation into four categories. 

(7) 100 percent saturation - All the voids are filled with water. 

This corresponds to the conventional theory of consolidation. 

(ii) Greater than 90 percent saturation - The occluded air bubbles 
are trapped within the soil structure. The problem can be 
treated as a medium with a compressible pore fluid. 


(iii) From approximately 90 percent saturation to a low degree of 
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saturation - This category is the largest and covers almost 
the entire range of unsaturation. It is the category 
that this thesis is most concerned with. The problem of 
rate of consolidation in response to a change in total 
pressure is given consideration. 

(iv) Degree of saturation approaching zero percent - The pore 


space is completely filled with a compressible pore fluid. 


7.10 Theory of Consolidation for Unsaturated Soils 


The derivation of the theory of consolidation can be commenced 
from either of two independent conservation laws. These are the con- 
servation of energy and the conservation of mass. The conservation 
of mass equation takes the form of a continuity requirement. A form 
of the conservation of energy is derived by combining the deformation - 
displacement relationship and the constitutive relationship with the 
equilibrium equations. The equation results in pressure and displace- 
ment unknowns in the same equation and cannot be soived directly. 

The one-dimensional theory of consolidation is presented for 
an unsaturated soil that has continuous air and water phases. 


The continuity equation is, 


V JY 
= + ————— + -—— eo —— + mt4 e web 7.42 
at! Ys dz 


where le) u,/(R°T). 


Let us assume that negligible air is dissolved in the water. 
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Therefore, the entire velocity of the air phase is governed by Darcy's 
law. The above equation is written entirely in terms of pressures by 
substituting in 
(i) the constitutive relationship for the soil structure, 
(ii) Darcy's law for the flow of the air and water phases and 
(iii) the general gas law for the density of air. 


The resulting equation is, 








: d(o,-u) a a(u,-u,) : k aU, 
ee ae aa ae Sik : 
Ywo 8z 
k 9*u k ou. 2 ou 
peel Oe ewe, (ate ge ilS)n | a 743 
ie 2° Vena OZ u. ot 


The equation contains three unknowns; o_, u, and u: For 


Z a 


the case where the change in total stress with respect to time is 
known, the equation has only two unknowns. 

A second independent, restricting equation must also be 
satisfied. It is written entirely in terms of pressures by substituting 
in 

(i) the constitutive relationship for the contractile skin, 
(ii) Darcy's law for the flow of air and 


(iii) the general gas law for the density of air. 
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Both equations must be satisfied at all times. If these two 
equations are solved simultaneously, the pore air and pore water pressures 
are determined. With the excess pore pressures known, the displacements 
of the soil structure and contractile skin are evaluated directly from 
the constitutive relationships in the one-dimensional case. No attempt 
is made to solve the above equations or determine if some of the terms 
are insignificant and can be neglected. 

If we consider the case where a total pressure increment is ap- 


plied, the boundary conditions are: 


te= ( randro0«<0z <.H Mae ue 

Ue ao 
-—-,- O uw 

0< t <- and Zens () az. 0 
nas ee 
OZ 

0<t<eoand z=H W sil 
eta Use 

te= 2 and. < 2. < H Ue Wie 
U. ~ Uae 


where roe es the pore water pressure throughout the sample at 
the instant after the load is applied. 
vol. the pore air pressure throughout the sample at the 


instant after the load is applied. 
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Uieens the water pressure immediately outside. the sample. 
In other words, the water pressure to which the 
water phase will eventually come to equilibrium. 


os the air pressure surrounding the sample. 


The initial air and water pressures, OE 
dent upon the relative compressibility characteristics of the phases 
involved. The buildup of the pore air and pore water pressure is 
assumed immediate. Therefore, the consolidation process starts the 
instant after the application of the total stress. 

The displacements must be considered in two steps since some 
displacement has occurred at the instant after the application of the 
total pressure. The displacement is categorized as 

(i) immediate settlement and 

(ii) settlements associated with the consolidation process. 
The immediate settlement is computed by substituting the immediate 
change in the stress state variables into the constitutive relation- 
Ship for the soil structure. The immediate changes in degree of satu- 
ration and other volume-weight relationships can be computed after 
Substituting the immediate change in the stress state variables into 
the Meret tutive relationship for the contractile skin. All pore 


pressures generated at the instant after loading are assumed constant 


throughout the sample. 
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and Une are depen- 
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7.11 Pore Pressure Boundary Conditions for the Consolidation Theories 

When a total pressure is applied to a saturated soil, the pore 
water pressure is equal to the applied load. With a decrease in the 
degree of saturation, the induced pore pressure decreases. The conso- 
lidation process commences from the point of maximum response in the 
pore air and pore water pressures. The induced pore pressures are 
assumed to be immediate and related to the relative compressibilities 
involved. This, in essence, relates to Skempton's pore pressure para- 
meters (1954); however, the equations are developed in a more general 
sense in keeping with the previous findings presented in this thesis. 

The pore pressure responses can be visualized by means of a 
piston and spring analogy (Figure 7.1). The top loading cap is rigid 
and the amount of movement that occurs depends on the relative com- 
pressibilities of the phases and the stress change applied. The deri- 
vations are made by applying the continuity requirement to an isotropi- 
cally loaded case. 

Consider an unsaturated soil with continuous air voids and 
assume that at the instant of loading there is no time for the escape 
of air or water but there is time for the compression of the air phase. 


The continuity requirement is, 
eens Wits 7.45 


The left-hand side can be written in terms of pressures by 


using the soil structure constitutive equation. 
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Gigure. 7, 


PISTON AND SPRING ANALOGY FOR’ THE - 
GENERATION OF PORE PRESSURES 





=~) e es 


S23 JMOITOIAG. 


JAZ 





JATOT 
AQ 
Se Se eee 


OWIGADI ay 


LZ CEG 


SAD 





fq ’ a 
YTIsGIZeaRWMOD «= swe (A ‘ 

A / \ A A A A /\ / 4 
7 \ : \ j \ 
| \ \ | \ / . oo / \ / \S4 
| VV V V - \ : S| 
, A 
YTi HGIZZSSRGMOD FIA A A 

f \ : - = 
h A Js 4 A /\ . \ A\ A 4} 
/ f \ i f\ / \ J \ b J" 

; \ \ 7 \ j ' : / : 7 i | > 7 
| : J Y, V VY V : 4 
fA 
: iv A 

/ ¥ , Pa Fe 
2 4 A 

a ae. fat “ \ MLE YL LA 








“YT 1dieieeanaMmoo RaTAW 


NNAANAAAZ 








461 


S S 
e° = C,° + d(o-u.) + oy + d(u,-u.) 7.46 
where ¢* = the bulk compressibility of the soil structure with 


respect to a change in total stress 


Go 
n 
i} 


the bulk compressibility of the soil structure with 


respect to a change in air pressure. 
The water phase is essentially incompressible but its defor- 
mation can be written as 


Ge tseee Sa° Bs dU 7347 


where S = initial degree of saturation. 


The volumetric deformation of the air phasé can be written 


based on the general gas law, 


mmddyy du, 7.48 


A restriction that must also be satisfied arises from con- 
sidering the volumetric deformation of the contractile skin as equal 
to the volumetric deformation of the air phase. 


C C 
: d(o-u, |) Care d(u,-u ) 7.49 


U 
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where C. = the bulk compressibility of the contractile skin with 
respect to a change in total pressure 
as = the bulk compressibility of the contractile skin with 


respect to a change in air pressure. 


In summary, the two equations that must be satisfied are: 


5 es oe aye eep etace aaa n(1-S) 
C, d(o u) + C. d(u, u Ihe SO du, + 3 du, 
7:50 
and 
oe ats - manele Sa 
C, d(o-u, ) + C. d(u, us) 7 du, 725 


a 


If the change in any one pressure component is known, the 
other two pressure components are obtained by solving the two simul - 
taneous equations. The induced pore pressures for the one-dimensional 
case are obtained by using compressibility values obtained from an oedo- 
Metenetest:. 

The ratios of the induced pore pressures to the applied total 
pressure are the mathematical equivalent of the Ba and Bw parameters 
speculated by Bishop and Henkel (1957). The computed induced pore 
pressures are now used as the initial pressures for the Peary of con- 
solidation. 

Numerous pore pressure reaction tests were performed during 


the testing program. They experimentally evaluate the induced pore 
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pressures due to changes in applied pressure. However, there was some 
problem with air diffusion through the high air entry disc. This meant 
that with time, the measured water pressure tended towards the applied 
airy pressure. The solutions to this problem are at present not en- 
tirely satisfactory. Due to the lengthiness of the thesis and the in- 


completeness of this aspect, the data have been omitted from the thesis. 
















cap . 7 
amo2 26w svetd .vevewoH *.etweesiq bef lqqs nT 2spn6 ‘ou 

tneem 2tdT .oeth wane vhs Mord sid fippow?" noreurttbeats ad 

betlqqs att ebyswot bebnst eyweestq Teisw bewwesam oft ,omtd 
-no ton tnezsiq 6 sve mefdorq 2fdd od enotsuloe nT 

-nt ant bas ztzent ond to 2eentdstpnel snd oy sud “yieeeet 


_atzendt sat mov? betttmo need eved stsb sid ,sooqes etdy TO. 


ng af ef) ty Jireiev) ave Cagis 

#8 es ar 7 

[we i4nvtiee? wee ww “a1 Ateet! fecno' tae oo 

a ae Oe oe 
_fbtatal 





“3 a 


464 


CHAPTER VIII 
CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH 


8.1 Conclusions 

The volume change behavior of unsaturated soils has been 
analysed within the context of continuum mechanics. This means that 
each phase of an unsaturated soil is an independent continuum that 
obeys the basic laws of physics and chemistry. The conclusions 
arrived at are based on the theoretical and experimental analyses con- 
ducted as part of this dissertation, as well as previous studies. 

1. Previous experimental evidence substantiates the consider- 
ation of the surface tension membrane (i.e., contractile skin) as an 
independent phase. It qualifies as an independent phase due to its 
distinct physical properties. Therefore, an unsaturated soil is 
viewed as a four phase system rather than the conventional three phase 
system. In other words, the soil is composed of two solid phases 
(i.e. soil particles and the contractile skin) and two fluids (i.e. 
air and water phases. Force equilibrium equations for each phase of an 
unsaturated soil are written within the context of continuum mechanics. 
They are arranged in such a manner that the stresses associated with 
each phase are written in terms of the measurable stresses (i.e. o, 

u. and u) + The equilibrium equations for the soil structure and the 
contractile skin are identical. In the x-direction, the equation is, 


hah 



















ewighi ba? ings OF eS 
H x; : i. TAP PoLAAL ¥1é ; 
ITIV HIT NNO ; 
A oe). 
HORAI2IA  FRUTUA a04 anor teaeaue aA 2no12U.JaN09 
eo: , Sa ee GAT e 


a. 


: ’ 
we ie = hots 4 


ised 26d elto2 bats ywisenu to “otverled spnsdo smufov ‘ait © 
Jens ensem 2tiT .23insoom muunttnos to txetnoo ahd nindiw & 
J6aJ muuntines Inebnegebnat née et (to2e bstswisenu ns to 
enoteulono> oAT .yrtetmedo bas 2oteyda to awel otesd oi 

“109 eseylens [6inomiyeqxe bns [sottevoendd sid no bsesd 516 ts 
-esfbut2 avoiverq 26 [low 26 .nofisiuse2etb emt to +718q 


-rebrenos sit 2zet6tinstzdue sonasbive [sinemtyeqxs 2votver4 


ns 26 (atdz sftsosvtnoo ,.9.+) ansidmem notensd sostwwe ord 
est oF sub s2eiq insbnasqsbnt ns 2s 297 tt Teup 3I . 926g | 

ef ffoz beiswisenu n6 .stotsyshT -29tIveqorg feoteulg 

) sesnq sevit [snotinevnoa sid nsdt verter mas2y2 seeiq wot 5 j 
e9e6riq btfo2 owt to bs2eoqmoa et Itoz oft .2bt0w terto al | 
-8.¢) ebtul? owt bons (ntde-sfttosysnoo oft bre sol atened 
| 96 to s26riq dass sot anottsups mutydi lf tups 99703 - 2926nq 
-2otnedoem fuunt nos Yo, 2xednio9 fd, niridtw nedttww ens Shoe 

| if RAS es ee one 
eee “0 9.7) nies Sidenote 0 ame: amet ot asttin 

Ae “st bas srutounde 1 : : a alg 













7% 
ae 






ree: wae ies hes 
bs } 


supa -o 





The stress state variables governing the behavior of an un- 
saturated soil (i.e. soil particles and contractile skin) are ex- 


tracted from the equilibriuin equations to form independent stress 


tensors. 
-U * 
ay yx Tox 
1 -u ce 
xy ey Ww zy 
i Grea Prdyza Mee 
and 


Thus, two independent stress tensors control the equilibrium 
Of an unsaturated soil. It is also possible to use other combinations 
of the stress state variables. These involve, 
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or (o-u,) and (o-u,) 


Any two of the three stress state tensors are theoretically 
justifiable for describing unsaturated soil behavior. 

3. Null tests were performed to experimentally verify the 
proposed stress state variables. The null tests consisted of changing 
the stress components in such a way as to leave unchanged the stress 
state variables (i.e. Ao = Au, = Au.) « The null criterion states 
that if no volume change occurs, the equilibrium of the soil has 
not been modified. 

The experimental data from a large number of unsaturated 
soil samples indicated essentially no volume changes during the null 
tests. On the final set of tests, the overall and water volume changes 
were less than 1 part in 10,000 parts, even after several days dura- 
tion. This corresponds to approximately two percent of the anticipated 
volume changes that would be associated with a change in either one of 
the stress state variables. The proposed stress state variables are 
well verified for both the soil structure and the contractile skin. 

4. Independent displacement fields are written for each phase 
of an unsaturated soil within the context of continuum mechanics. 

The unifying continuity requirement states that the sum of the volu- 
metric deformations of the phases must equal the volumetric defor- 
mation of the overall element. 


5. Constitutive relationships are developed which link the 
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stress state variables and the deformation state variables for the 
soil structure and contractile skin. Two constitutive equations are 
required to completely describe the volumetric deformation of an un- 
saturated soil. Using (o-u ) and (us-uy) as the stress State vari- 


ables, the constitutive relationship for the soil structure Ss 


myer 3 O-U) ; d(o-u,,) Meg ereanpa a” d(u,-u,,) 
and for the contractile skin, it is 
dv° be Whe ave 
V a(o-U, d(o-u,) + a(u,-u,) d(u,-uy,) 


As a consequence of the continuity requirement, similar 

constitutive equations are written for the air and water phases. 
6. The uniqueness of the above constitutive equations were 

examined for two soil types by producing small stress changes from 
a stress point. 

The Regina clay showed very close agreement between the 
soil structure volumetric deformations measured and those predicted 
by the constitutive equation. The kaolin samples showed some hysteresis 
as a result of a change in the direction of the overal] volumetric 
deformation. Corrections for non linearity of the constitutive sur- 
faces also improved the correlation. The results showed a correlation 
coefficient well in excess of the critical correlation for a 1% level 


of significance. 
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The comparison of the predicted and measured water volumetric 
deformations are not as convincing as the soil structure results. The 
loss of a small amount of water froin the sample has an effect on the 
correlation coefficient in addition to the factors of hysteresis and 
non linearity. Although the correlation Per Cienbstere lower than 
those for the soil structure, they are above the critical correlation 
for a 1% level of significance. 

7. Larger stress changes from a stress point are Significantly 
effected by hysteresis. On the basis of previous SKE: and the 
present research, there are hysteresis effects associated with both 
the soil structure and the contractile skin. HYSteNeS TS TRS ond t 
the direction of deformation of the soil structure or the contractile 
skin is reversed. The limited data presented indicate that any 
Surface defined by a uni-directional volume change of the soil structure 
and the contractile skin produces a unique constitutive surface. 

8. The one-dimensional volume change in an unsaturated soil 
can be predicted by integrating the soil structure deformation over 


the height of the sample. 


s —~ ° S, - Ss, - 
ue = H [m, d{oy u) +m, d(u, ud 
The changes in the volume-weight soil properties can be evalu- 
ated after integrating the contractile skin deformation over the 


height of the sample. 
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Nera HH. [m,°+d(o,-u,,) i. m, *d(u,-u,)] 

The anticipated directions of volumetric deformation for a 
stable structured soil can be obtained by considering the effect of 
the individual stress component changes. 

9. The continuity requirement for an unsaturated soil states 


that the sum of the volumetric deformations of all phases is equal 


to the overall volumetric deformation, at all times. 


The volumetric deformation of the contractile skin can be 
combined with the water volumetric deformation. An independent re- 
stricting equation can also be written which states that the volume 
change of the air phase can be used to represent the volumetric de- 
formation of the contractile skin. 

The conservation of mass equation can be applied to each 
phase independently. This allows each volumetric deformation to be 
also written as a divergence of the velocity or a change in density. 

10. The one-dimensional theory of consolidation for unsaturated 
soils is derived on the basis of the continuity requirement. After 
incorporating the flow laws and constitutive equations, the partial 


differential equation is, 
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, 2 “s 
re) - n) - ‘ 
t dt ot Yer 352 Fins ae: 


The equation contains two unknowns (i.e. Us and u) + However , 
an additional independent equation can be written since there is a 


further restriction on the continuity equation. 


3 =U ‘) - 
cme (oy w geerc, (u,-u ) _ . (1-S)en 5 
t ot ot u. 
2 
k dU K ou, 2 
Be 
Vw az ‘peer 


The above equations must be solved simultaneously. At any 
time, the pore pressures can be substituted into the constitutive 
relationships to determine the volumetric deformation. No attempt 
has been made to solve the above equations. 

11. The initial pore pressures for the theory of consolidation 
are theoretically derived on the basis of the compressibilities of 


the phases involved. Again there are two simultaneous equations. 
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12. The density and compressibility of pure water is essentially 


unaffected by the solution of air in water. The dissolved air is 
believed to fit within the "holes" within the water structure. A 
piston and porous stone analogy is developed to explain the solution 
of air in water. 

13. Diffusivity values for air passing through water in a high 
air eee ceramic disc are almost one order of magnitude lower than 
the value for pure water. The reduction is believed partly related 
to increased tortuosity; however, the athor is not certain whether 
this is the complete explanation. 

14. Air and water mixtures interact in both a miscible and 
immiscible manner. The density relationship ee a combined miscible 


and immiscible air-water mixture is, 


ee 


U_: 
oe eee aye 
ve ioe! aE t Sh : 
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The compressibility relationship is, 


The above equations are discontinuous at the point when all 
the air is driven into solution. At this point, the density and 
compressibility equal that of pure water. The compressibility may 
increase by several orders of magnitude at the instant of complete 


Solution. However, the increase depends upon the air pressure. The 
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compressibility equation demonstrates the pronounced effect of even 
a very small percentage of air. Experimental data obtained during 
the test program agrees with the compressibility equation. 

The previous compressibility equation applies when the air 


and water pressures are equal. If they differ, the equation takes 


the form, 
= e , (i-S) See 
B= 38, + Boy u eV isan Ee 
a a 
where Dew = a pore pressure parameter equal to the ratio of B. 
to B. 


The Bi pore pressure parameter incorporates the compressi- 
bilities of the soil structure and the contractile skin with respect 
to the stress state variables. 

15. Air diffuses through the water in the soil and the high air 
entry disc and collects below the ceramic disc. The diffused air 
volume must be collected and measured in order to correctly evalu- 
ate the water volume change. Failure to measure the diffused air 
volume causes significant errors in the test results after an elapsed 
time of a few days. 

16. Water also diffuses through rubber and lucite at rates which 
are significant for a long duration test. In Triaxial Apparatus No. 
2, a composite membrane consisting of two slotted aluminum foils 
between two rubber membranes was found to essentially eliminate 


moisture loss. 
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17. The four pieces of equipment developed for this thesis had 
the following basic design considerations. 
(i) control of the total, air and water pressures and the un- 
drained measurement of the water pressure. 
(ii) measurement of the total and water volume changes. In 
addition, the diffused air volume was measured to 


ensure accurate water volume measurements. 


A new diffused air volume indicator was built which uses a 
flushing technique to measure the diffused air volume by means of the 
displacement of water from a burret. 

The checks of the measured initial volumes plus the changes 
in volume against the final volumes confirms the long term acceptability 
of all four pieces of equipment for testing unsaturated soils. 

18. A pore pressure response theory is presented which predicts 
the equilization time for high air entry discs. The response curves 
are highly dependent upon the percentage of air in the compartment. 
Excellent agreement was obtained between the theory and the experi- 
mental results. A response test also yields the compressibility of 


the air-water mixture in the base plate compartment. 


8.2 Suggestions for Future Research 

1. With regard to the test equipment, jt would be advantageous 
to secure a superior small valve that completely eliminated the loss 
of water over a long period of time. 


A new type of base plate should be designed that would not 
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permit the entrance of diffused air. Research in this direction is 
essential prior to performing long term tests in which the pore water 
pressure is measured in an undrained system. 

2. The values for the diffusivity of air through pure water 
are significantly higher than the values measured when the water is 
contained within a solid phase. Further research should be directed 
towards measuring diffusivity through various scils. A better under- 
standing of the factors affecting diffusivity could prove useful 
in the design of equipment for testing unsaturated soils. 

3. Further investigation should be conducted into the effects 
of hysteresis upon the constitutive surface. A general, theoretical 
approach was adopted towards the constitutive surface in this thesis; 
however, probably the types of problems encountered in practice should 
be categorized and the constitutive surface investigated for each case. 

4. The one-dimensional volume change analysis should be checked 
against field case in order to obtain an indication of its reliability. 
Some consideration could then be given to two and three dimensional 
analysis. However, the priority should be placed on verifying the 
reliability of the one-dimensional analysis. 

5. The partial differential equations associated with the 
one-dimensional theory of consolidation should be solved and experi- 
mentally verified. Also, the pore pressures induced as a result 
of the application of a total pressure should be experimental ly 
verified. Then consideration could be extended to two and three- 


dimensional problems. 
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6. The stress state variables verified for the volume change 
problem should also be applied to the shear strength analysis of un- 


saturated soils. 
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SOIL AND TEST PROGRAM 


A-1 General 

Appendix A presents a summary of the soil properties and the 
history of each sample tested during the test program. Each sample 
generally had several types of tests performed on it. The majority 
of the data used in this thesis can be broadly categorized as null 
tests and tests to evaluate various types of processes. The process 
tests were also used for testing the uniqueness of the constitutive 
surface. A summary of the reaction test program is also presented; 
however, the data are not included in the thesis. 

Three types of soil were used in the test program. These 
were a low plasticity soil referred to as Devon silt; the commercial 
clay mineral kaolin; and a highly plastic soil referred to as Regina 
clay. Two samples consisting of 80 percent Devon silt and 20 percent 


kaolin were also tested. 


A-2 Field Test Plot 

Three test holes were drilled in the northwest section of the 
City of Regina, Saskatchewan, during the summer of 1970. The test 
plot plan is shown in Figure A.1. The test logs for holes #10, #11, 
#12, and #13 are shown on Plates A.2, A.3, A.4 and A.5, respectively. 
The investigation obtained disturbed samples for a detailed classifi- 


cation of the soil and undisturbed, unsaturated samples for the labo- 


iA. 
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AQ 
ratory program. Piezometers were installed in the test holes %o ob- 
serve the water conditions. Readings of the piezometers were made by 
National Research Council personnel on August 17, 1970; May 7, 1971 
and June 14, 1971. There was difficulty in pushing the piezometer 
probe to the bottom of each piezometer. On August 17, 1970, the piezo- 


meter probe was stopped at the following depths. 


Hole No. Piezometer No. Depth 
10 1 45'0" 
1] 2 30564 
12 3 28'10" 


There was no evidence of water in any of the piezometers. 
The location of the test aout directly west of 646 
Williams Crescent where the National Research Council has observed 
vertical ground movements for several years. Additional information 
on the area of interest can be found in the following research papers: 
Hamilton, J.J., (1963) "Volume Changes in Undisturbed Clay 
Profiles in Western Canada". Can. Geot. Jour., Vol. I, 
No. 1, pp. 27-42, Sept., NRC 7588. 
Hamilton, J.J., (1965) “Shallow Foundations on Swelling Clays 
in Western Canada", Proc. Int. Res. and Eng. Conf. on 
Expansive Clay Soils, Texas A & M University, Vol. II, 
pp. 183-207, NRC 98/72. 
Hamilton, J.J., (1969) “Effects of Environment on the Performance 
of Shallow Foundations", Can. Geot. Jour., Vol. VI, No. 1, 


Feb. NRC 10519. 
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Pedological soils information and the surficial geology are 
given in the following reports: 
ellis, J.G., D.F. Acton and’J.S:-Clayton, (1965) "The Soils. of 
the Regina Map Area" (72-1), University of Saskatchewan, 
Saskatoon. 
Christiansen, E.A. (1961) "Geology and Groundwater Resources 
of the Regina Area", Report #2, Saskatchewan Research 


Council, Saskatoon. 


A-3 Classification Data 


Soils data on the Devon silt are presented in Table A.1. 


TABLE A.1 
SOILS DATA ON DEVON SILT 
Specific Gravity 2.695 


Atterberg Limits 


Liquid Limit 
Plastic Limit 
Shrinkage Limit 
Plastic Index 


PO MH © 


Onmw-— 
Seeks) 


Grain Size Analysis 


Percent Clay Sizes 13 

Percent Silt Sizes ri) 

Percent Sand Sizes 12 
Coefficient of Permeability 3.8 x 10° cm/sec 


*The results are the average of 6 trials. 
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The data for the kaolin are presented in Table A.2 
TABLE A.2 
CLASSIFICATION DATA ON KAOLIN 


Specific Gravity 2.616 


Atterberg Limits 


Liquid Limit 64.2 
Plastic Limit 64.7 
Plastic Index 29.5 


Grain Size Analysis 


Percent Clay Sizes 63 
Percent Silt Sizes 36 
Percent Sand Sizes ] 


All the arti eiddaly) prepared, unsaturated samples tested 
were kaolin compacted at either full or one-half Standard Proctor 
compactive effort. The initial water content versus dry density 
values are plotted in Figure A.6. 
Table A.3 summarizes the classification tests performed 
on the Regina clay samples tested during the laboratory program. 
Extensive classification testing was performed on the bag 
samples from test hole number 11. The results are summarized in 
Table A.4. The classification data shows consistent results with the 
highly plastic clay slowly decreasing in plasticity with depth. The 
natural water contents are presented on the test hole logs. The results 
show that the natural water contents in the upper zone are approximately 


five percent below the plastic limit. The soil is in a very dry and 
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FIGURE A.6 COMPACTION CURVES ON KAOLIN 
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dense condition with an elaborate secondary structure. 


diminish with depth and the soil becomes more moist. 


The fractures 


The x-ray 


diffraction tests indicate that the clay is montmorillonite rich. 
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Al5 
A-4 Laboratory Test Program 


Table A.5 summarizes the general data pertinent to each sample 
tested. The volume weight relations are presented on Table A.6 and the 
tests performed on each sample are outlined in Table A.7. The laboratory 
tests performed are subdivided into one of three types. These are: 

(i) processes, 
(ii) reaction tests and 
(iii) hull tests. 

There is also a category designated "Allowed to Equilize" 
which means the sample was allowed to remain under prescribed pressures 
to equilize prior to the next test. The "Process" type of test in- 
volves either a volume increase or decrease due to a pressure component 
change. The volume changes can refer to the total sample and water 
phase which are measured independently. The "Reaction" tests are a 
measure of the pore water pressure change as a result of a total and/ 


or air pressure change. 





eee ee 
né DOV 325) 


= + 


VOT 6% 
v , 





A 
a 

nr 
+ 
2 
— 


(J sons 7 0 osnr Debrvibdu2 sis bear 






Al6 


*7S893 UuoOLZOedwoo 
J$O # PLOW SaL_dwes pazoedwoy 006‘SE [2/6 “Bny  Z/st Arne ULL Oey [=1 6 
“OSLP DLWeUad ay. 4O 
UOLZeLLACS (ou! onp Lnjsseasoonsun 
S98] “powwluy pue pazeddLsap 


ULY? Spaluunts AL LeLzLuy ato ae ne ULL Oey 6Z1L-d30 8 
"pb ‘ON a[dwes 
uo Buljsaz JO uoLZeNULyUOJ 060°Z2 =LZ/OL Ane $=LZ/Lz aune ULL ORY t=1 l 


"LSd g ALaqzewLxoudde 
0} UOLZepLLOSUOD Aq Hulu ul 
poudos “paluunts ALLeLztur  ogocez LZ/OL Aine LzZ/z, aune uLLOeyY 61-090 9 
“apdwes -elp up 
WOuf PawWtuf “LSd 6 ALazeuw 
-Lxoudde 03 uoLzepL{osuod Aq 


pouos “patuunts AL LeLaLuy 008°S2 1LZ/0€ aune [//z2, aune ULLOeY £L1-030 S 
"LSd 6 03 UOLZepL{OsUOd Aq 
pawot “patuunts AL LeLqtuy O60°ZL LZ/L2 eune = {//6 aune UL LOey =f) v 
“Bulu OJUL paumluy 
"LSd 9°6 0} uoLZepLLOsuos Aq ULLORY ZO? + 
pouwuof “paluunts ALL eLrqtuy ooe'olL LZ/LL aune = {[Z/p une 4, LS UOAaG %0g 621-30 € 
"tSd ~ 03 uoLZepLLosuod fq ULLOPY %OZ + 
pewsot *paluunts AL LeLgLuy OLL‘ZE LZ/€ aun LL/8 ABW 4LLS UoAag 40g L-L é 
“LSd g 0} UOLZePLLOSUOD Aq 
Pawo} “patasnys ALLeLzluT =» «eB 1Z~—sLZ/Z@ study «LZ/8L “4eW FLLS uoAag L-1 L 
Eee 
("ULW) 
a[dwes ayy OWL | uOLZa| duo) 37eq adk| [Los “ON "ON 
$O UOLZeUeddUd pesde|q JO 33°q Bulzueys : snzeueddy a dwes 


a ee 


WWY90Ud LSAL 40 AYWWWNS 
S°V J41avl 





notts16q979 
‘Sfqms2 sri 





“ ’ o - 





— 





tS ES nS 


beso? ,betrwfe yilstttal oes. fs : 
.f@q 8 of notsébt foenos vd | 


bemot ,befirwle yiistital OF', Ve IV\E saut ‘\\8 vsM site noved #08 
Faq § oF nofssbtloenod yd ntfosd #0S + 


ad ‘ 
bosimi1o} 5 bof Wie vi ir rz ral 0 t.0 | IV\i [ 9/ ul r\\s gnu sfit2 noved roa 
.t2q 0.2 oF Notssbtlfoenos yd ; ni fosA £0S + 
ONT osat bomnt+T 
bomrot .bsfiwhe yl lsttin! , rv\e snub nt TosX 
.f2q © o3 mottebrloenos 
., besarte} ,osT’y 2 x : ¢ ; » FN | Stuy af losa 
=I CO IWGCE OF ih ’ Ue » va 
mov? beamnt’ 2q & yiets 
by j Gtt "S 
boariot .boivwile yifstitn . ¥iul 4 | smb nr fosA 
} nol iT } i nr 
> : ry 
pt . > 1 O6A 


: . o> T 7 
Dia > : \\el YIU Nii OBA 


Al7 


"3MOFS9 BALZIEdWOD 4LeY SHZ# PLOW O/9SZLL 2Z/pz2 “4eW 2L/p “uel ULLORY eat LZ 
*uOLzZOedWOD 
LLN4 “D# PLOW JO “apuLeway QgEe/*iE LZ/2L °290q 1//0Z “AON UL [OPY 2-1 02 
"240$J$9 BALZIEdWOD [IN 
"Bula ut asoo, ALIYBLLS *9# plow  Q6O0‘OZ LZ/2 °990 =LL/8L “AON ULL Oey 621-030 6L 
“AL qunud pue up (LPunzen) 
“uolquod doy *34 2 32 OL# alo re mar ar Ae,) eutbay €-Yyouag 8L 
"(4eg GL) uoLzo~as (Le4nzen) 
WOZ30q “34 2 Uddaq *OL# ALOH §OsOSOE LZ/L2 °390 LZ/0€ *3daS Ae) eurbay 6Z1-0340 Ll 
*aqnz 
$O WOZ}OG “FF GL WOUS OF (Leunzey 
a,dwes platy “eLp yout 4noy OS/‘ELL LZ/ZL *28d 12/82 ‘385 poe oe fr 9L 
| PUNZeN 
(48g GL) GL# se Toba pels 0€6° Sb 14/92 “AON LZ/pz *3daS Ae) eurbay £L£1-030 VSL 
*(922] 
aseq pabewep-ueg GL) *uOL399S ([e4nqeN) 
SLpplw *33 Z yydeq SOL# BLOH = ogh | LZ/2z2 °4d9S LZ/LZ *3daS Ae) eurbay ZL1-030 Sl 
*ssad0ud Burj dwes 
384i Bulze[nwis sem AL LeLyLuy 
“AUANLS & WOUS PazepLLOsuoD Qg96°8l {Z//z “3d~aS LL/vl *4das UL LORY 621-030 vl 
“a_tdwes 40 uaquas 
UL 9| OU “eLp wd 9 Pe PoaAiey) 
“AAAN|S & WOUJ pazepLlosuoy OOZ1Z 14/82 *1daS L//EL *4das UL LORY L-1 cal 
"AAAN|S & wWOsZ pazepLtosuoy O1/*2L LZ/oz *3daS 1//[] "3das UL {ORY ZZ1-030 ra | 
"3J# PLOW 
$O ABPULeWeA BYZ SEM aldwes  OHz‘°¢Ez LL/p “Bny 1Z/6L ALne UL LORY 621-030 LL 
*3S9} uoLzZOedwWOD 
$O J# PLOW Sa_dwes payoedwoy gpeteg tZ/p “Bny LZ/6L Aine uLLOey ZZ1-030 OL 


————————— SSS re 


("utW) 
atdwes ayy SUL | uoLza]dwo7 37eq adfI [Los "ON "ON 
$O UuOLzeUeddud pesdelq $O 93eq Butqueis ; snzeueddy a.dwes 


SSS a te lerane p 
panulquod g*y 3T1aVL 





“Van = 


“Yo. 48 bom {Srains> bet56qm09 
.tz9d notsosqmoo 

Yo vabitsmey sft 2sw afqms2 
-3% DIoM 

aule 6 mort bsisbi foencd 
-VMwile s mov? botsbt foenod 
ot.oforn .6tb m.3 6 bsvy16) 

» «9faqm6e to r93N99 

-Vtule 6 movt bstsbtloenod 
snd. onttelumie 2aw yl{sttinl 
~228001q pnt [qms2 

sibbim. .3%,S dtqsd .OT% sfoH 
926d bepsemeb-y68 2!) .nottose 
.{stefq 

* (388 ef) dt 26 sfamse.oms2 


alamse bleti .stb dont wo 


to, mosto8 .3%. al mov? at 
.sdus 

motjod .3J?.$ djas0 ,O/% sia 
. (aed 21). notsase 


Jt S36 OF% stok 
-Vidmuta bas yb 
pais nf seool yfsdprle .ob bioM 

sJx0Tts svisosqmoo [ly 

[fw .3& BIOM to ysbnfsmes 

. tors 3eqm0D 

-Jvot?9 svistosqmos tis ,HS’ bloM 


fors40g got 


OnE, ES 
OBS, ES 
OF, Sf 
00S, fS 
Ode, Sf 


O&A, f 


O€e, ch 
Oc\, Eff 


O10, OF 


OE\, fE 


Old. Vi 


FTX. BUA 
IT\A .puA 
[X\OS: .tq92 


[V\8S .sqs2 
MX\{S .tas2 


T\SS: .tqe2 


iY\@S .vol 
IV\AE .o8d 


ae Se rene ae ee ERR At. secant ore 





myer yrue 
r\er ylut 
IV\ft .3qs2 
IN\EE .3qe2 
(TA\MT: .tas2 
I\\fS .taqa2 
(T\SS .sqs2 
[\\8S .sas2 
[\\OE .taa2 
i\\8!l .vok 
‘Y\OS .vol 

SV\) .n6b 


‘en 
nt fosr 
ont 
be me 
“at [oem 


. . Jan 
vat Bw 





vel) sar 
(fsvutsil 


ysid snipes 
(Tstwtsit) 
ysi9 satesh 


eaten 


vs snfpek 
(Tsywish) 
vsl2 snfpsh 


( fexus6M) 
ntfosa 
nt fosd 


nt loss 








© *do} ay. wou (Leunzen) 
=x UFANOF "3S 2/L-L Ve pH aLdwes Ozz*ZZL_—se L/L Aine =—o2s/9 vad Abel) eurbay “sea Se 
"doz wou} atdwes ( [eunzeN) 
PALY °"35 Z/L-2 3e pH aLdwes ogz*szi z//¢Ez 9unp = 2L/62 *4eW Ae,9 eurbay 6ZL-d30 ve 
“doz wouj at dwes ( LeunzeN) 
Puodas *"34 2/L-L ye pH atdwes ogg‘gzl 2//¢z eune 2/4/82 “4eW Ae) eurbay Tf) We! UE 6) €€ 
(q4ed dol) ( Leunz en) 
"93 2/L-Z 2 pH aldwes erp your unoy /L*L HI 2Z/L Aine 22/22 “sew Ae\9 eulbay La ce 
“SueAqUIaW aYLSOdWOd e pat]}eisUL 
“6c# SLdwes Jo uolqenuiquo) ggg‘ LE CL/G “Ady 2L/pL “sew UL LORY 2-1 LE 
"Qz# ol dwes 
40} pesn plow so 4, ey BulLulLeuway  Q/ot/] CL/L2 “ARN 2/6 “RW UL LORY L7TS0AG 0€ 
“sueuquell MaU e pal, | eISsUL 
“Z2# aldues 40 uolzenuizu0) 96/6 CL/pl “APM ZL/L “RW UL LORY rt 62 


"ISLP BY MOLaq 
9Ue}I0-OST ~ “¥GE ALaZeWLxXOUdde 


9/M *44OJJ9 BALZIEdWOD Z/, O/H*/ cL/9 “AeW ZL/L “RW UL Loey LitsdaG 82 
"7240S 49 BALZOEdUIOD 
Z/L “4G ‘Gee ses, 9/M —QZ8°8 CL/L “APM 22/62 *994 uLLoey PAu e iz 
*(WOfssa 
BALZSedwWOD LLN4) JOE# PLOW 0S/ 2L/G “G94 2L/G “qed UL LOeY L£L1-030 2F4 
"(Bulu-g 914se1d) 
winuL3do $0 28M pue 4405 Q60'EL eL/E “qe4 22/G2 “uer ULLOeY LZ |-04G ac 
“OSLD ueg 
GL (9qn} 3nd) uolqdas aLppLy (Le4nzen) 
"33 <LL-OL 32 Yn “ZL# aldwes ogL‘oL cL/L “G84 22/42 *uer Ae) eurbay 6Z1-d40 v2 
“CL# SLOH WO“ 24 ZLL-OL (| e4nzeN) 
72 07 aqnz 40 UoLjUOd tho33.0g oes‘ Ze 2L/6 “G94 ZZ/yL ‘ue Ae) eurbay €-Youeg ee 
*(aseq uL aaooub 
LLPWS) JAOJ4a BALZOedWOD J1eH 6B Ib cL/E “G94 22/G ‘ue uLLOey Cat SS, 
ap ee 
(“ULW) 
BdUNOS ayy OWL | UOLZAa| dwo4 37eq Bacieyio “ON “ON 
$0 UOLZeURddud pesdelq $O 32eq Bulqueiys 1 Los snzeueddy a dues 


nee eee ee ee 


panutjuod = g*y 379VL 





ffame} dvotts svisosqmoo Tish 
.(sésd nt svoorp 

365 aU sdut to nort10q +08 
2 sfoH mov? ,3t TIf-OF 

St SIP-OT 3s pu .ST4 sl qme2 
2f (Sdut tua) noftos2e ofbbrm 
.d2tb sa 

mmtiqo to Jaw brs sto2 

. (pn it-0 attes5fq) 

svisosqmo> Tut) Et bloom 
“(s10FT9 

S\l .ec& yvistemixotqgs 3\w 
.W10tts svitosqmos 

» O\Ww .Jxr0tts evyiiosqmoo S\i 
9n6330-o02!1 . . 22 vistéemixovaads 
, .o2fb ont wolsd 
ese Sfamse to nofrsisuntinod 
.onsvomem won s bel lsteni 


yot bsev blom to tisd pnintemea 


,@S% silamse To nottisuntinod 
snsrdmem sttzoqamoo 5 bell steni 
S\f-{ 368 b& sfomee .sfb dont yuo 
(Jyv6q aot) 
bnoz9e ..37 S\T-% 36 BF alam 
god movt slams 
burady ..37% S\i~\ Js |% ol gms 
god mov? of am 
igor ..377% S\i-\ is ®% siqnus2 
| ios att mon 





ysld sntpon 
( f sw sH) 


ysl) sntpsn 


( few s8M) 
nt fosy 
nt fos 
nf loss 
nf fosX 


nt fos 
at foss 
nt Toba 


vel) snfosr 


( exwtsh) 


yst2 snfpok 


(fs*us5) 


veld snfpah 


( fswos8n) 
[> sntosh 
(i swish) 








Al9 





$40°0 + 2S0°0 - (4a iys S 922°0L BLL°S SS°2€ 8l2°OL 680°S 82° 29S az 0S°L2 Se 
000°0 0v0°0 - CE29 5% ase’9 St2°2 68° LE 0SE°9 912°2 GL°S6 9S ‘92 18°92 ve 
000°0 920°0 + 6l"£ == Ose *9 b68° 1 p2°e€ OSE°9 906° 1 98° 28 96°82 9L lz ee 
pel°0 - 66L°0 - £S°6l.= 962 OL B8ZL°S LE°ee Lv2°ol £S0°S 62°82S 2b 62 BEGLZ Be 
€00°0 + 600°0 - {z0°O + £p0°OL €62°9 EL“ ve <s aa 66° €9 a4 => LE 
0S0°0 + €€0°0 + vlo°O - 00€*9 L1S°2 LL'SE 0SE*9 955°2 Lo"eoL 9b°SE 00°SE O€ 
000°0 LEON Ons ites = ie a => == az 66° £09 =F me 62 
000°0 Zv0°0 + 0°0 OSE “9 LO6*L 81° 2€ OSe'’9 126°L Ul SL 86° PE p0"SE 82 
pz0°0 + 910°0 + tS:3 = = = = O9L*OL ple°9 66°€¢9 GL°SE 6L°SE lz 
000°0 020°0 + 0°0 =s ae ad 0SE°9 €5S°2 0S* 201 €L°62 €L°62 92 
000°0 920°0 + 05°0—= 0se°9 G02°€ ZL 9€ 0se*9 CLUAS be OEL PL°9E aL 9E S2 
000°0 210°0 - LLESO! 4 OSE*9 696°2 Lessee 0se"9 962 L9°Ovl 01°S2 S6°%2 $2 
000°0 {8L°O - ate OSE “9 652°2 LO" EE OSe°9 Ovs*2 SS-EcL cf" 92 95°92 €2 
180°0 + /60°0 + LE Pa ze0°Ol Lle°9 98° €€ O9L “OL Lee'9 91°99 82 SE 00° bE ce 
09° €£€=W0z 70g 
99° €€=9LPPIW 
GS“ eg=dol 

0v0°0 + 100°0 - 69°8 - ?Z8°6 2l9 LL Ob €€ O9L*OL Opl tk BE Pll €0°2€ =F 12 
0SS°0 + 180°0 + v0°Lb - 0v0°OL 028°S 61° 2€ ZLL°0L L28°S 2° 26S 0L°S2 = 02 
000°0 950°0 + SLsOke OSE*9 tEacz OO°LE OSe"9 Eicae 00°68 0v'S2 Ba 6L 
000°0 220°0 + = Ose "9 Lyl°2 09°0€ os" "9 bel 2 6L°62L BE L2 3S 8 
000°0 180°0 - Eta = ose “9 119°2 £0°¢2 0Se*9 GSSicz 26° 2E1L Lp°02 cy al 
090°0 + 880°0 - GREYS Se 182°OL LEL“OL 60°82 882°OL £0 OL 9/2°S¢2L 92°92 00°S2 SL 
000°0 970°0 - 50) Seo OSE 9 S1L9RZ BE" 2 OSE*9 0SS°2 26°921 60°02 Zs WSL 
000°0 000°0 E1070 == ose 9 == == 0se"9 S06" 86°82l g0°8L mal Sl 
000°0 ESEDO She gs 892 °9 v6l"2 cf 9b ose’9 OLb°2 92°62 ge" L9 ale vl 
$02°0 + 60°0 + co Piet 606 °6 818°2 69°St St2'ol c82°€ €9°9%2 00°€s 66° LS el 
000°0 S10°0 + 78-0 + 6€2°9 esl SLY ose “9 08° L 99°99 0s°0S air ZL 
000°0 LLO*O - S900 9vE°9 6bS°2 29° ce 9bE°9 260 °2 SLTELE core Chace tL 
000°0 y00°0 - BLO 9vE°9 695 °2 06° LE SVE 9 SIS é 62°21L vl Le v0°2e ol 
SOL°0 + 8S0°0 - S9O5f0t= 090°0L 002°21 82°9€ 69L°OL ee eCL OL S6LL 6h iz = 6 

O6EG + £9250) + SHES fs 8ES 6 998°S L8°€p — = 00°90S = Se Ll 

000°0 22S 0 + pL°9E + 262°9 vil “2 98°80 OSE*9 €E9"¢ €0°9Z 3 v0" #9 9 

pOlL°O + 0SS°0 + S9°6L + €22°9 €8l°2 eb Le ose°9 pel? €2°28 = S0°99 S 

982°0 + L6E°O + €6°€S + == me a O9L"OL 920°9 00°905 = 9p° 6S 9 

000°0 2vlO + OSS Pa: ose -9 Sbb2 0S°22 OSE°9 a 8p 6tl = ss € 

lpl°O + v6E°O + SU + 8£9°8 02°8 62°02 002°0L S06 02° 162 s5 fe" pS ec 

£010 + 922°0 + 18°16 + 8S "6 O8E°6 98°91 =4 a OF Oz “= = L 

(uw) (w2) (29) (up) (w>) (2%) (wo) (w>) (su) 31 dues 

abuey) abuey) afuey) {OA dazoweig  yyBtay yuaju0) saqawerg  yybLay [LOS aoyum —_ SHutumetay “ON 

dayowerq yYybLay 437 2M 433M Aug 30 *1M qua}U0) 432M ay dwes 


sabuey) peunseay 


SuOL}Lpuoy [euLy 





SuoLzLpuo) [eLdLuy 


SNOILVTIY LHOTAM-AWNT0A 40 AYYWWNS 


9° Alavl 








a 


aianetT Spel 
senend = spread) 


A 





ee om 


(m) + (eo) 








ror 


Spnsid . lov 





ae 


tecttnmedmeicanation 
_ 
2sener) bewu2ssh 


a pee 





we} 5080 


; 


‘ 


enohiiteg) font? 


$3 aM 


15) 95/70 








ae 


A@Ganeoq@ann ol me 


ono we 


oO wo Ge 
— 1 4 


> 


m4 


~o 


ro @-- © & 4 


@ ou 





. 
Twn sow vw 


. 
“a 


-@\ 
cara 
+oPy 
— 
A 
«Leo 
ave 
cn 
ao 
ve) 
- 4 






00.£2. 


oF of 


weet 


a 

vr rvs 
OF.25 
£0.52 
85.26 
$£.35 
of.2$ 
Pf .a6 
et. 
ef. 
62. AE 


te 
2 

‘ 
we 
o 


ce 

Se.es 
a5 of 
rt.O3 
. ~ 
b2..85 


i 
‘ 


A20 


x< 

t 

t 
Cs 
= 
~m 
WO 
~ 
~ 
= 
— 
™ 
— 
N 
N 
= 
o 
aE 


x = vl 00:6 LL/@z “sew 

x 0°SZ2 2 G‘LE St-91 LZ/12 “sew 

x 9°6l a G°9Z2 OL:9L LZ/L2 “sew 

X etl as G12 00:91 LZ/L2 “sew 

x AS Gee vest LL/L2 “4eW 

x = eS GE-GL = LZ/L2 “4eW 

Xx é vl =a ve le vlivl LZ/02 “4eW 

x | ig | ay G02 OO:ytL LL/02 “4eW 

Xx Aran ies v°6L 0S:€1 LZ/02 “sew 

x Vea tL a v°8l OV-EeL LZ/0Z “4eW 

Xx 6°6 pee de | eee ef LL/02 “4eW 

Xx 8°83 an, v9L OS-i1 LZ/02 “4eW 

x BEL ris S*Sl Ovi LL 12/02 “4eW 

X L.9 mi Ds Val O€- LL LZ/0Z “4eW 

X 9°S re ease OZ:LL LZ/02 “sew 

x GT Pes par | SO-LL LZ/0Z “4eW 

x 0°0 a tll OS:€L LZ/6L “4eW 

Xx hs Ue gl 00:6 LL/6L “4eW 

= Vee 12-91 LZ/8L “4eyW 

Xx esd Se Ve asl SE7EL LZ/8L “4eW 

x he pe SE-OL LZ/8L “4eW 

x eg 9.02 LE-6 LZ/8L “sew 

x 0°0 ats Pa | 02:6 LZ/8L “Ae 
(isd) — (Isd) (18d) 
azL{inby QUNSSAUd  aduNSS8ug asuNnssadd 
0} PaMOLLY LINN  uolqoRPay  ssad0ud J37eM ALY [P40] 










OWL | 32°q 
abuey) aunssadd VY : 
ysa] 40 adh] BuLmop toy £La1eLpauUMl] Burqzueig =: Buyers 


a 





YLLS UOADQ add] [LOS [-1 ‘ON snqeueddy | ‘ON a_dwes 
INILSAL 40 ADSOTONOYHS 
LV a Tayl 





OSA 


xx xM KM KR KM Mw OM 


229507 


22919 
(t2q) (faq) 
0:0 ole 
Sf a 


. . - * 


Vir OOO OO10 a1 
FPMM—-—OO-19 a & & 


[ 
Sf 
f 
>t 
c.f 
Q.ef 
0.28 


giww229s19 sw 





r 


| 





i 








* 
any, Sg Hy 


. 





PT rr 
2-1 ar 


SaseRase 


BSz 


- 


at OO Oe te 


A21 









X Onell -- 9°61 SO: LL LZ/OL Aew 
x = 9°6l 70:6 LLZ/OL AeW 
X 8°9 -- 9°rl Le: vl LZ/8 Aew 
x : le Stl 00: rL LZ/8 AewW 

x rot -- G°6 
ee es eee 
ULLOPY %OZ B ILLS UOAaq %O8 adh] [LOS [-1 ‘ON snjeuveddy 2 "ON aLduies 
ee EE SE ee 
789] $0 pug GO: vl LZ/2 *ady 
x 6° €°0 e'ly 00: v1 LL/z2 ‘ady 
X Cag G°€2 elt 00:6 LZ/2 ‘Ady 
x 6° L°S G' Lb €€:ZL LL/LE “4AeW 
x 6° 8°2L bly Gv:8 LZ/LE “4eW 
x 81 aod ely GG:g LL/O€ “sew 
x 6° -- b° Lp GO:vL LZ/62 “4eW 
x -- p19 00:6 LL/6z2 “sew 
7S9] ALL Lqeawuag 6° LL Se olen Op:ZL LL/LZ2 °4eW 
x sea -- bly Gp:6L LZ/9Z “4eW 
x 6° LL -- G°LS Ov:6L 12/92 “4eW 
x 6°L¢ -- G? tz O€:6L LZ/92 “4eW 
x gay -- p19 Gv:6L LL/p2 “4eW 
x 6° Lt =- g*19 Lo:Gl.. Lkfe?e ~AeW 
x -- g* 19 O€:€L LL/p2 “sew 
x -- G*LZ 91:6 LL/vz “4eW 
x L’ lv -- 9°19 OL:6L LZ/€Z “4eW 
x er -- G*Ls Of: LL LL/€z2 “wewW 
x -- p° 19 02:6 LL/€2 *4eW 
x G°9P = G°LS Ov:SL 12/22 “4eW 
a a ne Se 

(LSd) (Lsd) (isd) 
aZL{inby BUNSS8Ugd BdUNSS8Ug dUNSSdUd 
OF} PEMOLLY LINN UolzDeaYy Ssad0uq 497 2M ALY Le yO] ull | 310q 


abueyy aunssaud e 
4S9] 40 adh} Butmol {oj fLareipaumy Bul.uedas Bulqueys 
—— SS ee Be SEE ee Le POU eee eee 


penutzuod $= /*y 41avL 








iSA 


A 
x 
x 
t29T ytilidsomis9 


x 


noved £08 savT [rod 


“| 


Oc oo OW wo 


. 


Two © wm 


aes Ss 1) <5 
“a (9 tt t 


— 2 ee me ony 





—_ 
> 


——- 


oa—- @ tt 
Ome wii 
Ww = 





[-T .oM 2u3stsqqA 
-- 2.2 
=a 2.af 
-- 3.4f 
-- 3. ef 
-- 0.2! 


aoe 
état 





if 


+e eee 


+ aot. a 
Dh CPE 40) PS tae fo 


> 


+8 #0 ee 


tesT Yo bag 








A22 


x 0°0S me aay Ae £S- tl LL£/g 9unt 
x 8° 6E pe Cr LY GS- LL LL/G eunc 
x 6°62 i: é Le GL°OL LZ/g eune 
x L*02 sa ple GL6 LL/G sun 
x ¢ OL ms GPEE 92-EL LL/p eunc 
s “a a c 0 5 ere | LL/p aune 








ULLOeY %OZ + LES UOASG %OS dA] [LOS 61-050 “ON Snzeueddy € ‘ON 3, dues 





7S9] JO pug LZ/2 aun 





x g°9 -- G* vr 00:02 LL£/z2 aun 
X Ge = 9°69 O€:€L LZ/L aun 
x 8° 1s pi 9°68 GE:02 LL/S2 Aew 
x -- 9°68 00:02 LL/G2 Aew 
x -- 9°46 C£:9] 1£/S2 Aew 
x -- L°66 00:91 LZ/S2 AewW 
X == L°v0l Ov:Sl LL£/G2 Aew 
x -- 1°66 Gei tl LZ/S2 Aew 
x -- 9° +6 O€:€L LL/S2 Aew 
X -- 9°68 O€:2L LL/G2 Aew 
% -- 9° 8 O€? LL LZ/S2 Aew 
x -- 9°6/ Ov:0L LL/S2 AeW 
x -- G*¢Z O”:6 LL/S6z2 Aew 
x 8° Ls -- 9°69 O€:8 LZ/6L Aew 
x 8° 1g = 9°6S OO:E€L LZ/8L AeW 
x -- 9°6S OL:0L LL/8L Aew 
x g°Le == 9°6¢ 00:6 LLZ/vl AeW 
x 8°12 <a 9°62 Gv: LL LZ/LL AeW 
x -- 9°62 91:6 LZ/LL AewW 
(Lsd) (isd) (isd) 
9ZLLLNby BUNSSAUgd = BANSSIUgd adBUNSS2dd 
0} PAMOLLY  LLON UOLzJDRPAY SS3ad0Ud 497 2M ALY 270 














Ow | a1eq 


ysal $0 adh] Burmol [oj ALazeLpaumy 


ponulzuod f° ATaVL 


A23 

















BuLtmo, [04 AL azeLpowwy 


Sel $0 puy OO:LL LZ/Le@ eune 
Xx L° SP as 8°S9 O€:6 LZ/8L aun 
x L°St aid 8°SS Ov:OL LZ/ZLL sunc 
x = 8°SS G2:6 LZ/Z. eune 
Xx LSE = 8°SP Gv:8 LZ/9L unc 
x LaGC 75 8° SE OO:EL LZ/SL eunc 
Xx Sah ae L°S¢ O€:€L LZ/pl aunc 
x Las ae £Sl SL? vl LL/6 aun 
UL LORY adh} {LOS I-l ‘ON snzeueddy bp ‘ON aLdues 
}S9} $0 Puy O2:9L LZ/LL aunc 
cr0 ae Cau. Gest  LZ/LL eune 
enUl = Ltd O€'vL LZ/LL eune 
(a0 mast O°ve Ov:2L LZ/LL eunc 
x 6°62 a 6°€v GezLL = LZ/LL aun 
X 8°6E ae L°es O€:OL LZ/LL eunc 
x 0°0S re. O269 02:6 LZ/LL eune 
Xx 0°09 ake Gace 05:8 LZ/LL eune 
Xx 8°69 Bs hs) O€:SL LZ/OL eunc 
Xx 0°09 a acy L2:2L  LZ/OL aune 
x 0°0S ce ara) SP El LZ/g aun 

(1sd) (1sd) (1sd) 

dZLLLNby DUNSS8Ug ABUNSSIUd ABUNSSddUd 
02 paMOl|yY LLNN uOLQDeayY sSsad0ud 437 2M ALY Leo] ull | 310 
ysa] 40 adh] ROMEO esse td © Bulzueys Bulquers 





panulquod /*y 37avL 








ESA 














| 
| x x | x axa uM HM uM 
| 4 
Be | 
| » 3 | x 
| ie 
| | 
| Of coer l,| veressesses 
| Se eBS~ |2)| °Seosssses 
| 4 

Lippe | bbie eee 

D 









C2 Go Go Go Go -4- Y-SCMAD OAD 
& 24 Yo Dit 2 2Beoee bees 


EG 





~¢.  oybbsaspn2 yo- 


A24 


ee OSES 


S59] $0 puq 05:6 LZ°OL Aine 

x 7° 0S 2°65 G*9L L2:vl LZ/Z Ane 
x 2°65 G°9L OL? tl LZ/Z Aine 

x 2°69 €°98 G2:6 LZ/Z Ane 

x Z°0S 2° 6S €°9/ GO: LL LZ/g Atne 

X 7° Ob G’6P 9°99 GS:8 LZ/O€ eune 

x €° OE €°6E G°9S LS:OL LZ£/g8z aune 

X 2° Or G° 6p 1°99 [2:6 \Z/Sz aune 

x L°O€ €°6€ 7° 9S 0€:6 LL/p2 eune 

x 9°81 8°62 8°94 OZ:€L LZ/Le2 eune 

x 6°6 L°0z 7° LZ 0O:SL LZ/ZL aune 


uLpoey adj [LOS 6/1-G50 “ON snzeueddy 9 ‘ON aidues 


ee EEE 





“ZSO] JO pug CO:6 LZ/O€ aunt 

aseq ay Yybnouyy BuLissed paqueqs uly Ov:9L 1//82 dune 

x 8°6 0°OZ O° LL G2:6 LZ/gz2 aune 

X L°6 6°6S v°L9 OL:6 L//Sz aune 

X 8°6 0°0S eS Lv:6 LZ/p2 une 

x 6°6 0°Or GLY 00: LL LZ/Lz2 sune 

x 6°6 0°0€ G°LE O€-SL LZ/Z. 9eune 

X ab | 0°02 G° LZ SL:9L LZ/pL ounce 
x 0°0 VL°OL Sg al 00: LL LZ/Z. une 


uLLoey add} [Los 771-090 “ON snqeueddy G ‘ON alduies 


———————— 088 = eee ee 





(isd) (isd) (tsd) 
9ZLLLNby BUNSS9Ug IANSSAWg AUANSSIUd 
O07 PeMOLLY LLNN UOLZIeayY SSad0ud 4a eM ALY [eyo] 









WLI 37eq 
abuey) aunssaudg e 
ysa} fo adh), Buimo|{o4 Laz eLpaumy Burz4e4S Bulyuers 


0 86 


panulquod = /*y 41aVL 


Pee 
« Af 
Ve UP 
A he | 
. ‘ 
- A 
od 
A O 
‘ ic 
&. Oo 
? i 
et 


OS:Ef 








INS enw 
(W\WWS sob 
IT\AS: smb 
fT\eS sayb : 2 
IT\8S. saub: - 
[V\OE sauG 
Neue 
IV\S. yin& ; 
[V\N ylob 
[T\N ¥fub oo 
FY.OF ylub sy 


—_—_——— 





A26 


——— ee RE eee 





x G°2s £°6S g°s9 00:01 LZ/e¢ “bony 
X 9° 2p €° 6 9°S8 ?2:01 LZ/2 ° ony 
x €° 2p 2°65 0°2Z 20:6 LZ°oe Aine 
Xx 9° 2 0°68 8° LOL Ov:OL 12/62 Aine 
X 0°68 8440! Gp:OL {2/82 ALne 
x 0°6Z 6°16 02:6 LZ/92 Aine 
X b°O€ 0°69 6°18 Gp:9L = LZ/€z ALne 
X 0°69 6°13 Gp:SlL =LzZ/ez ALne 
x 0°6 6°16 GyreL LzZ/ez Arne 
x 8°0E 0°69 6°18 GZ:0L tLZ/22 ALne 
x 9°02 L°6S Of ad Gpi LL  LZ/L2 Atoe 
JAUNDS UOLZEUGLL eS UL IHEIUS LY 

x 22 L°6S 0°2Z GL:6 LZ/.z2 Aine 
x 9°0 €°6¢ L°2S Ov:6 LZ/6L Aine 
UL | Oey adAj [Los /Z1-d30 ‘ON snjeueddy OL ‘ON aydues 
489] $0 pug Gv:6 L//6 *Sny 
x aseq 342 4NO paysn]4 SE:0L LZ/p * ony 
L°6S 0°19 9°18 0£°6 LZ/p *Bny 

(isd) (isd) (isd) 

dZLELNby OUNSSIUgd BANSSAq aIUNSSddAd 

07 POMOLLY LLAN uUOolzJDedYyY SSad0Uq 497 eM ALY [e270] 





OWL 37eq 


abueyy sunssaid ®& Butquei7s = Bu LqueyS 


ysa1 $0 adh] Burmo, {oj AjazeLpawuwy 





ponutzuod = /*y F19VL 











OSA 


squl [toe 


8.0 
A,SS 


t G) &) Gy 





0.fd 


WWi-G30_ 





bee 


“1.82 
syvw > nofisydtl6é5 
8.08 
&. 


1. @e 
0.28 
ma 
. ed 
0.83 
0.4 
0.08 
0.28 


ao ae) 


$.eé 
€.8e 
€.e¢ 


ater g 
se6d ont tuo bedevl? 
J29T to bag 


on euse1sqgA 


nf sAstern 








A27 


:. 


paddoys 4sa] OL? LL 12/02 *3d8S 

x 0°0S G°lS pS:0L LZ/8L ‘3das 

X 0°Ob G*/Y LE:8 LL/9L *3das 

X 0°0€ G* Le 00:6 LZ/SL *3da5 

x 0°02 G‘l2 0€:8 LZ/pl *3085 

Xx O'L O'OL G*ZL Z2:GlL_ LZ/LL °2daS 





uLLOByY adh) {Los 771-040 “ON snqeueddy ZL ON al dues 


re ee ns ee se eS eee 








x 0°91 L°0z 8° Lb 80:6 LZ/e °“Bny 
x g°9 02 8° Lb GL:OL LL/2 “ony 
x 6°S 0°02 O° ve G26 LZ°o¢ Aine 
x 2°92 6°6¢ 8°€g CO:6 iZ/6z2 Aine 
x 0°Or 6°€S Ov:6 LZ/gz Aine 
ounssaud AgzemM JO Ay. Lqers uo 4I9U) 
x 0°O€ O'bt O€:9L LzZ/z2 Ane 
x 2°92 0°O¢ O° bb 6:6 LZ/92 Ane 
x 9'bl L°0z 2° ve 07:8 LZ/L2 Aine 
x G‘0 L"0z O°ve LLivl - LZ/6L Aine 
UOLZONS Byy UO UL [ [NN OF BHulLyduerzy 
x G‘0 8°6¢ L’Lt SO: LL LZ/6L Apne 
ULL Oey adX| [LOS 6/1-d50 ‘ON Snzeueddy LL ‘ON aLdwes 
(1sd) (1sd) (Lsd) 
aZLULnba BUNSSAUd  BUNSSIUgd sBdANSSAUd 
07 peMol LY LLON  UOLZORaY SSad0Ud 4a7eM ALY ,eVO] 






OWL] a7eq 
abuey) aunssadg e : 
7S | $0 adh) BuLmo| {oj ALa1eLpaumy Bulqueis Bulqueys 


——————eeeeeeeee___ 5 ee eee 


penutzuod = /*y ATavL 


TG, 





* seers 


eqyT Troe et r-030 “ol arena ie. 


pecan 





nt fosx 









x ) 2.0 8.8 ont 80: fT 
= not soue ov mo nf [fut oF pritqmetsA- ——— 
x a.df F.08 S$. h€ ~~ OR: 
x §.a§ 0. G& 0. hh 
x 0.0€ 0. op 
siw22eo1q 13936w to ytifidste no -do9hd 
x 0.08 e.€é 
x | §.a$ &. e€ 8.€2 
x @.2 0.05 0. AE 
x E.3 " £08 8.%h 
x 0.a/ f.OS 8. \h 


ni Tost SaYT itoz \VE-G30 .of 2utersqqA 


Seen — $$ ee ee 
eee see 





x 0.f 0 o.V 
. 0.08 2. ¢$ ; - 
x 0.0€ 2.¥é 00; 
. 0.08 2.00 {e:8- “Aart l3qe2  o- 
F 0.02 2.%2 $2:0F I[V\8r. ‘Sat — 
beqqote t2eT Of: ff FX\Os 





A ne — Sa ee EE 
~ 


Pal 


\SA 


A28 





389] $0 puy Sve Wife. 488s 

x Os0n L°201 0£:9 {[L£/i2 2308s 

x 0°OL 1°26 Z0:0L LZ/S2 °3daS 

x 0°09 9°26 €2:6 LZ/p2 *3daS 

x 0°09 8°28 Oe a Wy rds eek 

x 0°09 bel Gv:6 LZ/02 °349S 

X 0°0S 6°21 20:6 LZ/8L °3daS 

X 0°Ot 6°29 Gv:8 = LZ/ZL * 3-485 

x EE 0°0€ 6° 2S GO:6 ~=LZ/9L *3d85 

x G°ZL 0°02 8° 2b 0€:6 LZ/pL *2daS 
x G°Zl 0°02 L°6€ €2:6 LZ/pl *3d8S 
x G°ZL 0°02 EL Hee. tL fp 3des 





uLtoey = ad [LOS = GZ 1-030 “ON Snzeueddy VL “ON aL dues 











7S9] 40 puq 00:8 LZ/82 *3d8S5 
X €°06 6°00L 276° Liffe™= dss 
X L°08 6°00L Gv:6 LZ/S2 °3daS 
x 1°08 8°06 00:6 LZ/vz °3da5 
X €°O/ L°L6 GE:0L LL/z2 °3daS 
X vO €° Lg Gp:a* tL/id “3aesS 
x 7°09 €° Lg vS:0L LZ/0z2 *3d8S5 
x 1°09 Er ie €2:6 LZ/8L *3daS 
x 2°05 €° 19 L2:6 §=6©LZ/ZL ° 3085 
X E 2 v°Ov 9° 1G 0€:6 LZ/9L *3daS 
x & GL 0°0€ ely ce-pt W/eh “Wes 
UL, ORY adA} | Los I-1 "ON snjeueddy €| “ON aydwes 
(isd) (tsd) (isd) 
azLiinby BUNSSBUgd BUNSSIUg DUNSSAUd 
02 PeMOLLY LLNN UuoLzZOeaYyY  SS3d0Ud A972M ALY [e220] 










OWL | a27eq 
abueu) aunssaud Pe 2 
ysa} Jo adh] BuLmo| {oj A{a7eLpaumy Bur.ueys Bulqueys 


a 


penutzuod =/°y ATaVL 











ee 


a 


BSA 


x xem KR mM MR HM 


x xe KX KK 


x 








atlos» 





sqyT fio2 








E.ff 0.0& 
¥.¢s 6.06 
§.0¢ fs 
f.0¢ [FX €S: 
£.02 €.18 oe T 
4.0% £.18 | 
£.0% a’ae 2€:0f 
[.08 : 
{.08 e.00f ane 
£.08 ©. 007 $$: 
00: 


t2e9T Yo bad 


es 


sqyl [to2 _ ev f-030 


ft lor — 


a ae 


Ov 2uisi1sqgA 














2.% 0.0S v.Vé Viee 

a.0f 0.08 ;.e€ €$:e 

2.41 6.08 8.56 0€:8 

¥.<S 0. 0€ ©.Se 20:2 
0.08 @. Sa 2p:8 
0.02 @. Sf §0:e@ 
0.028 b. ES 28:2 f\\OS . 
0.08 8.$8 LF:fh. Tf - 
0.02 a.se €s:@ [VWs . 
0.0% .Se $0:0f f\@S .dgee 
0.0% t. Sof 0€:8  I\WS .tgs2 : 

t2eT to ba ers€f FX\WS .tqs2 





A29 


ee EEE 


359] $0 puy 0€:8 LZ/92 °220 

x Z°ce Z°0€ 6° 20:6 LZ/2z *290 

x ees Z°0€ 6°19 LEz8 LL/6L °290 

X Lee? 2°0” L£°L9 75:8 LZ/21 #220 

X rail 2°0b 6°19 0:8 LZ/8 °290 

X Zack 2°Ov 0°SZ 00:6 [£72 . #220 

x 8° LL 0°0S Lede GE:6 LL/p °290 

x Os 0°0S S°LL 80:12 LZ/0€ °3da5 
SJPUSWSIAIUL UL aunssoud AL PosedsAduy 

X 8°0 0'OL hay hs LO: LL LZ/v2 *2das 


a 
Kei) eurbay adéj [Los ~77[-d90 “ON snqeueddy VSL “ON e|duies 








37e|d aseq snouod ay ayoug 
z9e}UOD UOJ |Seq YIaUD 02 aLdwes paaowey 


3789] $0 pug OS: IL LiiZ7e coe 
x 0°06 Z°v0l €S:°OL LZ/22 *3daS 
x 0° Ov 0°06 Z° OL LL:6 §=©LL£/22 *4das 
x 8°0 0°O0L ZeUPL LE-E€L LZ/LZ “das 
X 8°0 0°Or G‘ lv de-cl iL/i2 ges 
x Gar 0°0 2° GE:LL LZ/LZ °3das 


Kei eurBay ad) {10S "771-030 “ON snqzeueddy ~ Gi “on aydues 
ee ere er ih ee eee 


(isd) (usd) (ud) 
aZL{inby BUNSSAAg BUNSSAUg aUNSSsadd 
O} POMOLLY LINN uoLqzOeaYyY  ssad0uqd 437 eM ALY L220] 









OWL | a1eq 


abuey) ainssaud & But.4e15 Burquers 


BuLMO| [04 ALazeLpawwy 


4S3] JO adh) 





panuiquos = /"y 479¥L 


A30 





Se] $0 puy 05:8 [2/12 °290 

x Vel2 0°0r eam A) 0€:6 LL/8L °390 

x Gall 0°O0v ed AS) Ov:6 LL/pl °290 

x Gell 0°Ov Spal ha GE-8 LL/2L °390 

x Sell 0°0S he Wy co-8 L£/8 °390 

x Poul 0°0S Hy old Lee St [L/S *290 
SZUaWaUDUL UL SUuNSSdud ULE |Yyy paseauduyT 

x vol 0°0 ie Spill LL/0€ *3daS 





Ae, eurBay adh| {105 ~ 6Z1-090 “ON snzeueddy Zi “ON a_dwes 





x ee ee ty OL:6 LLZ/L *980 
x vy €z L°e LS SL*6 [L/92 “AON 
X ee 6°62 Miles, 0:6 LL/Z2L * AON 
x Oc AB ois a 2, 99:6 LLZ/L “AON 
x Ee 0°0r & 1S 0€*6 L£/02 °390 
x ge L°Ov LZ 92:6 LZ/2l 290 
x Pe c 0S Grin Ge-OL LL/p °290 
x Le ¢ 0S BE SE?LL LL/82 “das 





Kei) eurbay add, [Los L-L ‘ON Snjzeueddy 9L ‘ON atdwes 





(isd) (sd) (18d) 
aZLLinby QUNSSAUd  ABUNSSAIg asuNssadd 
0} PAMOLIY  LLIMN UoL}ORaYyY Ssad0Ud 4J37eM ALY [e210] 










OWL | 21eq 


oDUeY) IANSSSUd Be Bul4uezs Bulzueys 


78a] $0 adf) BuLmoL1oj AjazeLpauwy 





penulyzuod = 7/°y 41a 








Y5ID snipsA sayT [fo2 


MO mma mmm 


x «x x x 
MWwWwow wae 


nm 14 A Oo -4Atet 


x xm 





Soodleeneneestinetealeenrtieeentiaeemeeiees eee cee 


bs 


2insme vant 


tT cu 


O&A 


fee 








NE 


yeild sAtpeA saqyt [toe 





[-T—:on 





SAO TO SWwY 
2Oono oO =) 
OOo See 





2us 648 


2.5t 
Bois 
6.1 
€.fd 
[fd 
€.{3 
h,f¢ 
v.08 


_@\F-G30 . on eusst6 


‘U22s%q tib of? bazssysal 


0.0 v.48 
0.0¢ r.t% 
0.02 i. <3 
0.02 8.\\ 
0.08 8:43 
0.08 8.\a 

tesT to bag 


ee 





a) 


6 


or 


= 


Sore Bem 


pw 


a) PLR en 


q 


A31 


ae as Sane ss— 


7S9] $0 pug 00*GL 11/21 *90q 

x bes CLL L°88 OC-Ol 17701, 3g 

x oe ve Lo £°88 92:6 LZ/8 *9eq 

x GO Lees 2°69 c0*6 LL/9 *90q 

x ce (L,Y L°69 9€:8 LZ/2 °9aq 

x co LENG | c° 69 SP?OL LZ/0€ “AON 

x a) 8°6 6°89 SV-OL 12/92 “AON 

x 279 6° ZS L°69 Cv-vl LL/EZ “AON 

x Le9 OWLS 6°8Z Clpl SEPT Oc aznON 











ULLOeyY adh] [Los c~L ON snqzeueddy 02 ‘ON aL dues 
S91 $0 puq 


Sv:6 LL/z2 *90q 


a 6°6S Leo LO? LL LZ/L *99q 

x Sat 0°09 L°1L8 02:6 LL/62 “AON 

x Pace 0°09 8°28 9€-6 LL/92 * AON 

x b°9P 0°09 Lato O€-7l —“LZ/22 AON 

x 8°0€ 6°6S fare cv 6 LL/0Z “AON 

x 8°0 6°6S Ears 95-OL LZ/8L “AON 











ubLoey = adh} LL0S 6 Z1-G30 “ON snqeueddy 6L “ON aldues 


aZL{Lnby O4UNSSHUd  B4NSSald  aunsSaud 










OF PEMOLLY  LLNN uoLqoRay SS300Ud 437 eM ALY [220] aut | 31eq 
abuey) aunssaud e : 
S91 40 adk) | BULMO| [04 A[97e1 paumy But.uers Bulqueis 





panurquod /*y a71ay1 














* 


SqyT Tro? —e§f-020 on 








en a 


sqvi [foe 


+ 





=~ 


— wm MM 
Oe i ee ee Ed Be, 
e -e-« . 


@ 


ee 


ten 








of 2utsisqgA 





a) 





> & © Oo Ot & 
Sessscean 


. 


AAW Woo 


A32 


aa a 


Se] $0 pug GE:6 ZL/y2 “Ae 

x 12S ¢ £9 L°L8 00:6 2Z/9, *4eW 
Xx 6§EZ ae) 7° l8 75:8 21/6 *“AeW 
x Le? Leas v'L8 02:6 cL/€ *AeW 
x BaerA ee areas OO-LL 2Z/p2 *GA4 
x 6°82 we MAS €2:6 eL/l2 “Gad 
x v°82 620r L*2v LL:6 2L/Sl “gad 
x 8°82 Pele oe Lv:6 2L/L *994 
x Be CoLe Sere s ce: OL el/2 °qa4 
X apie €° LP 7. cS 00:0L 22/62 “uet 
x S*t2 9° Lt BAS) 20-6 21/92 “uel 
x ¢ vl ¢ LP MAS O€-6 cl/t¢. Bee 
x Z-ul O°LS AS) vv:8 2Z/6L “uer 
x ctl is: 2 as 02:6 22/8 “uer 
x L°D 6°0S Goce LS:0l ‘2i/7 estes 
x vv é l9 as LO°6 2L/EL “ure 
x vv ARN 0°28 p2:91 2L/p “uer 


ee ee ie 
UL| ORY adA| | LOS L-L ‘ON snjzeueddy LZ “ON OL dues 
ee ee ee ee ee , ee 
(isd) (1sd) (1sd) 

SZLILnNby BUNSSBUd BUNSSAUd BUNSS2dd 
0} pamol [Ly LLON  uUOLJORPaY SS9D0Ud 437 2M ALY [P10] 
abueuy) aunssaudg be 
9821 40 dh BuLMOL [O04 Aja eLpowwy 











Sw | 31eq 
Burqueqs = Bu queqs 


penultzuod 7° ATEVL 





SEA 


eng 





ee ee eee ae a a a ae ae. 











MO —s = UO LIM WY INO 1914 
. . - . * «© * - -* . . > 5 8 =e . [ 
SOOMrMNMOA IM + oer a daaaqa : 


"TET 201) sAbe . K3014 


Lal 





A33 


ee 


ysa1 $0 pug GOEL —- 2Z/L “qa4 
S8ALeA paso) L2:LL 22/42 “ver 
x 6°0 €°02 €" pe OZ:LL 2L/g2 ‘ver 


Ee EEE 


Ke, eurBay adk) |Log ~ 6Z1-q40. “ON snqeueddy v2 ON aL dues 


SE eee 
Kei eurBay ad) 105 


€# YOuag “ON snzeueddy €Z ‘ON a_dwes 


ea el 














S01 $0 puq 00:91 2L/€ “qed 

x ccs LOL L°68 S0:6 eL/€ *“qe4 

x ¢ tv L°69 L°6L cv-6 2L/% “Gad 

x CmEE Log 1g ss) O€:OL 2L/1 “gad 

x aes EF 4 8°8P £°6S 05:8 2L/8L ‘ure 

ded uO UOLZDaUUOD ULE UO yRAaq 

x Cec L°6t ia 3°) G2:6 CLIC, [are 

X e El c 6€ L°6v 2-01 ¢Lyii men 

x ee £02 8°6E OS:EL 2L/G “uer 


a 


uLLoRy adA} [LOS 2-1 ‘ON snqeueddy Zo = * ON:- OL dwes 








(tsd) (Lsd) (tsd) 
8ZLLLNby BUNSSI4qd AUANSSAUg aunssaid 
02 PEMOLLY LIAN uUoLQ9eay  ssad0ug 4397eM ALY Lez0] 











OWL | 32eq 
S98] $0 adh) CRU RU TAS sada Butqueys Butaueys 


Butmo,[o4 AL azeLpauwy 
—————— SS ES OE EP ee 


panutquod /*y 37aVL 


EEA 





yslD sntpoi 





ysl) snipsh 


sqyl [fod 
sqvl ffo2 


2.0 








€¢ donsa .oM euséysqqA 


£.08 £ AE 
zovisv bezof9 
tesT to baa 





A34 


ne ee en en ee 
asuerqueuw ay} Yybnouy, HbuLob sem uazem 





#S9] $0 puq Ge-El eL/L *AeW 
x 9°02 €°6€ 9° 61 0S°6 cL/€ “sew 
x 95 O1 €°62 oF 62 Ov:6 2L/62 °494 
ee 
ULL ORY adh} [LOS Z-L “ON Snzeueddy /Z ‘ON atdwes 
eee Oe a a 
#S9] $0 pug 00:€2 cl/S *qa4 

aseq 942 7e aunssaud auod ayz 3NO LINN 02 paqdwezzy 
x Ge L°6 85 £Z O€-OL ZL/S °q84 


uLjoey add] [L0S 771-030 “ON snqeueddy = 9z -“ON al dues 
ee ee aM ee 





Se] JO pug Gv:Sl aye Ae 

x 0°22 GUE L°8€ L€:6 eL/€ *qe4 

X 6° LL G° 02 0°82 O€- LL cl/2 *q84 

x oe vol i Ay 9ESEL 2L/Se “uel 


uL[oeyY adk} {10S 771-30 “ON snzeeddy G2 “ON at dues 
32mm nnesicsss cn | 





(Lsd) (tsd) (tsd) 
aZLLLNby BUNSSBq OdDANSSAUq DUNSS2Ud 
0} PeMOLLY LLNN uOoLzQDeayY SSad0uq 437 2M ALY Leo] 









OWL] 37°q 
abuey) aunssaug e : 
yS9] $0 adh] BuLMo| {04 f1azeLpouMy Bulyuers Bulqyueqs 
A a St held Naot Wek a hel ol Ad aay Ke 
ponutqzuod = /°Y A1aVL 


aa tea) . 
, ee 


NT - 














nt loss 


A A A 
aa 


f af t 
S 0.88 
x ( 3 1. 8€ 

t26T to bag 














x 
526 ri: » < C 3 
bia 
fF » - ’% o~ * 7 La 7 
nt fosX savl [fo2 S-] . OF 2us B1EqaA. 
f - . — 


w 
“” 
x 
s2st to bnd ¢ 
3 : 7 7 [ ? { ¥a3 5W 


A35 


S09] $0 puq 92:0L 22/12 “4eW 


v's Oe v°62 €2:2L 2£/02 “4ew 

x ave 9°61 i°ZS €0°9L 2Z/SL “4APW 
x 1 3Ye 0°09 So 19 vE:GL  2Z/GL “4eW 

x Be 9°6t Les LO-E€L Z2Z/EL “sew 
x W 9° 6h L°ZS vv-6 2L/EL “4eW 

x W 9°60 Lea 12-6 2Z/EL “AeW 

X W 9°67 Lofs ve-OL 2Z/LL “4eW 

x tS 9°6t LLG 8S-E1 7L/6 “4AeW 


uLpoey adj [LOS  //1-0390 “ON snzeueddy O€ “ON 21 dues 


a 


7s9] $0 pug 00:6 2Z/vLl “APW 
x G°0€ €°6 L°6S 02:6 2L/6 “AeW 
x G02 €°6€ L°6v OS:€L 2Z/L “4eW 


nn 85585 a ee 


uLjoey adh] [L0S 2-1, “ON Snjeueddy 62 ‘ON 9 dwes 


en SS 


#S9] JO puq €2:Sl 2L/9 “AeW 
x v°OZ ae As S2-6 21/9 “sew 
Xx L°L9 9°89 €0:01 eL/y *APW 
x a 0S £45 00:01 el/y *AeW 
x 0°O” SLY 85-6 cL/y “APW 
497M YLM padeidas pue |auezd0-O0SL NO paysn]4 95:6 21/7 “ARW 
x 9°62 Pe €£-6 eL/y “AeW 
x LG 4 tz €S:01 eL/€ *4eW 
Xx 6°0 8°6 Sale 2k €S:0L el/| “4eW 
i ee t— 
uLtoey adk) [Log “771-030 “ON snqeseddy 82 “ON aidues 
a ee ee eee 
(isd) (usd) (18d) 
aZLLLnby QUNSSAUg BUNSS2dg auNnssaid 
02 PAMOLLY LINN UOLIOeayY  sSsad0uq 4372 ALY [220] 









OWL | 37eq 
abueyy) aunsseud 2 E 
ySa] JO adhy BuLMo| 104 A131 eLpauMy] But zueysS Hurquedas 


— 


panuijuod /*y 41avL 





Of 20767 oe 


se... 
ao 
_— — 


*s €* 
¢ 


oan of om 


Mewoonwamn aa: 


** #8 @.8 


** 


oe 
** 


fu ch ¢ 
wooo fo oc 
“_ = os 


om 


Pic. se 


iA 











‘sfonee ae 





sre ae > 


16M 





eh — 





-on ioe | 





—= oy 


‘* 


Ow gaan nmooHoaonm 


~_— 


‘* 


—_ | 


15h 
. 15h 
- 18h 
i . 76M 
. 168 
. 15 
. 16M 
. 15M 
15M 





A36 


ye 


1S9{ JO pug 00: LL eZ/L Aine 

x 9°6 8°Sl G°0Z Gtv:6 ZZ/G aunt 

x 6°6 6°SL se, Ld SL:6 ZL/¢ Kew 

x L°6 G°G2 8°9€ G0:6 ZL/8L *sdy 

x v°6 8°6€ 6°0S E176 71/9 “ady 

x 0°S 8°68 6°00L 80:01 2Z/L2 -4eW 


a a ee aS 


Ae, eurfay adh) {Los L-l ‘ON snqereddy Z& = ° ON aydures 


ee tert ei 


S98] 40 puq GL:8 ZL/G *ady 

x L°OL 7°62 6°6€ ££:g Zl/y *udy 

x €°0¢ L°6t G°6S 15:8 ZZ/0€ *seW 

x v°Or 2°6S 1°69 0v:8 ZL/62 *4ey 

x €°0S 2°69 L°6L O2:LL 22/12 “sew 

x 6°6S L°8L v° 68 91:6 2Z/€z “sew 

x £°0S 2°69 L°6L GL:6 = 2Z/LZ *4eW 

x 2°Ot L°6S 9°69 62:6 2Z/LL “sew 

x L°O€ 0°6t G°6S 0v:6 ZL/yl “sew 


ee ee 


uL[Ooey adA] [LOS LE “ON Snzeueddy L€ °ON oduwes 


a ne EE ee 





(isd) (usd) (sd) 
aZLI inby QANSSAUd  AANSSIUg aunssadd 
07 PEMOLLY  LLMN UOLJDeaYyY —ssad0ug Ja7eM ALY L220] 











oul | 97eq 


obuey) 9ANSS3Ud Burqueys 6ul.eIS 


ys8] $0 adh, 


BuLmMo| [04 AL azeLpoumy 


penutzuod = /°y 3W1aVL 








dtA 





xx * x mMHR EK 










« 
o 
A 
wo 
> 
> 2 
xx x x eo poe 
: g 
ho 
; i) 
fo © © © SS 4 
=| S8Sketeor ; 
® 3% 
: 
_=2BBe ||4| Bseeesses 
o . & 9; 
rs 2 cal 
mM Bow © wa ann ram nn 
E ceeeaeeee |: 


ie FF? ‘s ae a 
it © > Jus 


aw & » 2 
—=2— - 


-: 't A Abt 
Seis inet =e 


Etats | 


A37 


I 


37S9] 40 puq OO:LL z2Z/ez eunc 

x €°9 G°Ol 8°ZL 0€:6 ZZ/2 aune 

x L°9 €°Ol tl 00:6 ZL/LL AeW 

x G°9 ihe i Z°8l Gv:0l Z1/G AewW 

x p°9 GOL €°yz OL:6 2l/vz *sdy 

x 7°9 12072 Ove 05:8 2Z/€_ “ady 

x 9°9 G*0v bs Zeal 7l/€ *ady 

x 9°9 0°18 0°S6 ZO:LL = ©2Z/62 “sew 


ee ———>E Eee 


Ae[j eurBay adkt {Los ~ 6Z1-G30 “ON snjeseddy ~ HE -oN ajdues 


ee ES Eee 


aseq ayi 3no Bulysn{y uL ApLNdOLZ51q 





S28] 40 puq O€:0L  2Z/¢ez aun 

x 79 G6 ed 32 02:6 22/8 eune 

x e°9 G°6 lals 0€:6 21/92 Kew 

x G°9 8°6 0°19 O£:6 ZZ/6L AeW 

x 8°9 8°6 L°SZ Ov:OL Zl/g Kew 

x 9°9 €°Sl 8°08 GS:8 Zl/v2 *ady 

x G°9 0°0€ G°S6 Ge:8 ZZ/€, *ady 

x 6°€ v° 6S 8° PZ OL:LL 22/82 “4eW 


a Eyre 


Ae) eulBay adXl 1Los 771-030 “ON snyeueddy EE -oN al duies 


A ee ee 





(LSd) (tSd) (isd) 
OZL{LLnbq © QUNSSI4q = =9aUNSS2Jg = BUNS Sag 
07 PEMOLLY LLIMN  uUOLzOeaYy  ssad0ug 437M ALY [220] 












OWL] 372q 


ebuey) 8ANSSaid eB Bul.ueis Hul.uers 


ys9] 40 adh] 


BuLMo| [04 AjLazeLpauwy 
Sg aL OE eee 


Penuljzuod /°yY AVL 





{EA 





ee 










ee ae ae xxueM MRM KM 


Wediws CGA 


rm aw a wo 


~o—- a? & Go @ 
. . . . . . . . 
Yor o GW oa 


eoaewoawa 


2015. yAbe “pedjus Cysh 


204) JAdG 


UWoowwoeTo 
. . . 7 . . * 
ws Oo 


—=——|— ey 


OED-1\a 


DPIALICNISA Iw EJnepyud one cps psee 


Mo “OED-i3i 


JS 
it 
ig 
Sd 
at 
ot 
ae 
ybbsiscnz yo 


A38 





eee eee Se ee ——‘“‘COSs_ 


7s9] JO pu 00:6 ZZ/t Aine 
x 6°8 EZ 8°22 GZ:OL 2Z/0L une 
x €°6 O°EL 6° 2b O€:SL ZL/v2 Kew 
x 9°6 0°61 8°SP 02:6 ZL/g Kew 
x G°6 7° 0€ Z°09 05:8 Z2Z/8L “ady 
x G°6 Z°09 1°06 20:21 21/9 *sdy 
Se. Te Oe EO—_—E_———EEESEEoE 
Kei eurbay addy [LOS Z-L “ON snzeueddy GE “ON atdwes 
ee eee 
(1sd) (isd) (isd) 
OZLLLNby OUNSSAAg SBANSSAUg <dDUNSSdUd 
0} PEMOLLY LLNN UOL{ZDeay Ssad0ug 497 eM ALY Le zO] 









OWL | 37eq 


abuey) sunssoud e Burzueis Bulquers 


ys9] $0 adh] 


| HuLmo| [04 AjazeLpoumy 
Se ee See eee ee eer ime 


Pponulzu0d =/*Y FIGVL 





Sta 






204) {Abe ~ geauT CSA 





APPENDIX B 
CALIBRATIONS AND CHECKS TO ENSURE 
PROPER FUNCTIONING OF THE EQUIPMENT 
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CALIBRATIONS AND CHECKS TO ENSURE 
PROPER FUNCTIONING OF THE EQUIPMENT 


B-1 General 

The equipment used in the laboratory investigations was 
either of a new design or had been substantially modified from exist- 
ing and proven designs. For this reason, Appendix B is used to ex- 
plain the many calibrations and checks performed to ensure that the - 
equipment was functioning properly. Time consuming meticulous tests 
were conducted to examine atl possible sources of error, assess their 
significance and either eliminate or control them. Many of the diffi- 
culties were overcome by special procedural techniques and further 


modifications to the equipment. 


B-2 Temperature and Relative Humidity in the Laboratory 


All equipment was in the same well ventilated room. ‘The 
temperature and relative humidity were continuously recorded on a 
strip chart recorder. The small fluctuations observed were not signi- 
ficant. Figure B.1 shows a typical temperature and relative humidity 
trace for the month of January, 1972. The means and standard de- 


viations for each recorder strip are summarized in Table B.1. 
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B3 
TABLE B.1 
SUMMARY OF TEMPERATURE AND RELATIVE 
HUMIDITY IN THE LABORATORY 


Le 





Temperature °F Relative Humidity % 
Time Period 
Mean Std. Dev. Mean Std. Dev. 
Dec. 8/71 to Jan. 6/72 1287. 2045 24.33 2.85 
Jan. 6/72 to Feb. 10/72 73.8 1.48 25.1 3<24 
Feb. 10/72 to Mar. 13/72 Te .8 2.02 12.9 2.68 
Mar. 13/72 to Apr. 17/72 74.5 1.56 23.6 3.08 
Apr. 17/72 to June 1/72 1B 1.63 Z27%3 4.33 


The overall averate temperature was 73.6°F while the relative 
humidity was 22.6%. These values are later used in an analysis to 
assess the diffusion rates across various materials and the volume 
change in the air phase of a sample due to a change in temperature. 

In general, the air phase was operated as an open system and temperature 


effects were negligible. 


B-3 Calibration of Pressure Transducers and Linear Voltage Displacement 


Transducers (LVDT 
The pore pressure transducers were manufactured by Dynisco 
and were of the range of 0-100 psi. Each transducer was calibrated on 
a CALIBRATOR manufactured by Barnet Instruments Ltd. The transducer 


was first loaded to 100 psi for at least one hour. The pressure was 
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B4 
reduced to 0.0 psi and the digital voltmeter was set to 0.00 mv. The 
transducer was then calibrated up to 100 psi in 10 psi increments for 
loading and unloading (Figure B.2). All transducers showed negligible 
hysteresis upon loading and unloading. 

After calibration, the transducer was removed from the 
calibrator and torqued (40 inch pounds) into position on the test 
apparatus. A slight adjustment at zero pressure was made on the 
digital voltmeter in order to read 0.00 mv at 0.0 psi. After each 
soil test on the equipment, the 0.0 psi pressure reading was checked 
and corrected if necessary. This procedure assumes that the slope 
of the calibration curve remains constant and the Slight creep in 
calibration was constant over the entire range. It should be men- 
tioned that the greatest degree of accuracy is required in the 
pressure range approaching zero. Several checks of the entire cali- 
bration were made at later dates to ensure their constancy. Table 
B.2 summarizes the calibration factors for each transducer along with 
a designation of the manner of its usage. The calibration factors 
were obtained by performing a least square, best fit regression 
analysis between the dependent variable (pressure, psi) and the in- 
dependent variable (digital output, mv). The equation of the best 
fit line had the form, 


Pressure = Slope * mise Fe + Intercept 


(Psi) (psi/mv) (mv) ae 
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Twenty-four volt, LVDT's were used to measure the lateral 
and vertical displacement in Triaxial Apparatus No. 2. The LVDT's 
are a model 24DCDT manufactured by Hewlett Packard. The final LVDT's 
used had a range of one inch. The constant voltage power source was 
a model #6204B Hewlett Packard voltage regulator. The gauges were 
calibrated against a precise micrometer (0.001 inch divisions) mounted 
on a rigid base. (Manufactured by Mitutoya Co). The gauges showed 
negligible hysteresis and are essentially linear over the entire 
range (Figure B.3). The calibration factors are summarized in 
Table B.3. 

The readings on the pore pressure and displacement trans- 
ducers were recorded with a Hewlett Packard Data Acquisition System 
(Digital Voltmeter Model #3440A). There was only one problem with 
the equipment which involved slight fluctuations in the millivolt 
reading (+ 0.03 mv). This occurred in September, 1971 and was re- 


medied in approximately two weeks. 


B-4 Compressibility of Test Equipment 


The measurements of vertical and lateral displacements of 
a soil sample must be corrected for the compressibility of the measuring 
systems. The compressibility is generally observed by placing an in- 
compressible material (eg. Aluminum block) in the apparatus and 
changing the total pressure. This procedure is relatively common 
when testing saturated soils. However, the form of the compressibility 


curves become considerably more complicated when the air pressure can 
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can also be manipulated. Figure B.4 shows the hysteresis upon load- 
ing and unloading and the effect of the applied air pressure for 
Anteus Oedometer No. 177. 

Figure B.5 shows the change in height of the loading cap 
and the mercury level due to a change in cell pressure for Triaxial 
Apparatus No. 1. The mercury level undergoes a considerable change 
in elevation in the low pressure range. 

Triaxial Apparatus No. 2 required a constant voltage supply 
to activate the LVDT gauges. The manufacturers of the constant volt- 
age supply (24 volts) guarantee a stability better than 0.1 percent 
plus 5 mv drift for an 8 hour period after a warm-up of 30 minutes. 
This corresponds to a vertical displacement of 0.0027 cm or 0.23 cc. 
Experience with the voltage supply over long periods of time, showed 
that the drift was approximately one order of magnitude less, pro- 
vided the voltage supply was never turned off. 

Table B.4 summarizes the lateral and vertical deformations 
monitored during the disassembling and adjusting of the lateral dis- 
placement indicator. The results indicate that the displacement 
readings are relatively insensitive to disturbance during set-up and 
disassembling. 

Figure B.6 shows typical amounts of vertical and horizontal 
displacement upon changing the total and air pressure. Three more 
tests are shown in Figures B.7, B.8 and B.9. The vertical LVDT 
measurements showed extremely small deformations relative to the 


pressures applied. The lateral LVDT gauge underwent some creep 
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TABLE B.4 


LATERAL AND VERTICAL DEFORMATIONS 


WHILE DISASSEMBLING AND ADJUSTING 


THE LATERAL DEFORMATION INDICATOR ON TRIAXIAL APPARATUS #2 


Adjustment Performed 


Disconnected all pressure lines 


After loosening all bolts on the 
cell 


Removed the cell and bumped the 
lateral gauge 


Twisted the lateral gauge upward 
on the sample 


Twisted the lateral gauge down- 
ward on the sample 


Moved the lateral gauge pivot to 
the right 


Moved the lateral gauge pivot to 
the left 


Reseated the lateral gauge in a 
central position 


Moved the lateral gauge upward 
on the sample by 1/2 inch 


* 
All deformations computed on the 


—— eee 


Lateral Vertical” 
Deformation Deformation 
i % 
0.0000 -0.0016 
0.0000 -0.0142 
-0.0008 -0.0032 
+0.0008 -0.0016 
0.0000 0.0000 
-0.0097 -0.0158 
+0.0494 -0.0174 
-0.0567 +0.0048 
-0.0520 -0.0048 


basis of a sample volume of 495 cc. 
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during the first 500 minutes. Then the deformations remained con- 
stant over a period of several days. The creep during the first 500 
minutes is likely related to creep between the rubber membrane and 
the aluminum dummy block. 

The difficulty in predicting the nature of the compressibility 
plots encourages performing a duplicate dummy test for compressibility, 
for every soil sample tested. In this way, the same stress path used 
during each soil test can be simulated using a dummy. The displace- 
ments observed during the dummy test are subtracted from the displace- 
ments observed during the soil test. 

If the surge tank is not used during the change in cell 
pressure on Triaxial Apparatus No. 2, a finite time is required to 
establish the new pressure in the cell. Figure B.10 shows the time 
required to build-up various applied cell pressures. If the surge 
tank is used, the equilization time is in the order of a couple of 
seconds. 

A change in back pressure applied to the water volume change 
indicator registers a compression of the water and/or air in the lines 
between the volume change indicator and the soil sample. Figure B.11 
shows the amount of compression recorded on two dates. The results are 
quite consistent when the measuring system is essentially deaired. 
However, a different method of evaluating the water volume change 
compressibility correction was incorporated due to its dependence 
on the amount of air in the system. 

A change in the back pressure applied to the water volume 
change indicator results in an almost instantaneous volume change that 


precedes seepage through the fine ceramic disc. The volume change at 
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the end of the first three seconds was noted on the data sheets and 
used as a compressibility correction. This procedure applies only 
when operating the equipment as an open system. 

The compressibility corrections become imperative when 
testing stiff, unsaturated soils due to the small volume changes 
being monitored. Also, the desire during the NULL tests was to 
measure zero volume change in the water and soil structure while 
changing the stress components. Table B.5 shows the order of magni - 
tude of the compressibility corrections associated with each test 
apparatus. 

Considering the compressibility with respect to the volume 
of the soil sample, Triaxial Apparatus No. 2 is the most precise 
while the one dimensional oedometers are the least precise. However, 
long term tests showed some unpredictable creep associated with Tri- 
axial Apparatus No. 2. Generally it was most dominant during the 


first few hours after changing the total stress. 


B-5 Properties of High Air Entry Ceramic Discs 


The high air entry discs on which the soil samples are placed 
act aS a semi-permeable membrane to separate the air and water pressures. 
The ceramic disc must have an air entry value in excess of the maxi- 
mum differential air-water pressure. At the same time, it is desir- 
able to have the largest possible pore size in the disc to obtain 
rapid equilization or to prevent impeded drainage. 


The air entry (or bubbling pressure) is defined by the capillary 
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model equation. 





(u,-u) = 8 

u_-U = 

Been onay 4 

where as = surface tension of water with respect to air 


(72 dynes/cm) 


=) 
iT 


radius of the maximum pore. 


The unit generally used for measuring air entry value is the 
BAR. One bar is equal to 14.5 psi. 

The high air entry ceramic discs used in this thesis were 
manufactured by Soilmoisture Equipment Corporation, Santa Barbara, 
California. The manufacturers properties of several discs are given 


in Table B.6. 


TABLE B.6 
SOILMOISTURE'S PROPERTIES ON HIGH AIR ENTRY DISCS 


Air Entry Bubbling 
Value Porosity Permeability Pressure 
(Bars) (%) (cm/sec) (psi) 

3 36 1.73% 10” > 46 
5 34 } 1.21 x 10° > 80 


15 32 2.60 x 1072 5220 
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The weights and volumes of fours high air entry discs were 
measured. It is difficult, however, to determine their porosity since 
the specific gravity of the material used in their construction is un- 
known. Table B.7 summarizes the results, tabulating the porosities 


based on an assumed specific gravity. 


TABLE B.7 
WETGHT-VOLUME RELATIONSHIPS OF FOUR CERAMIC DISCS 


SESS ee ee es ae ee eee 


Air Density Density 
Entry No. Diameter Thickness (Air-Dried) (Qven-Dried) Porosity 
Value (cm) (cm) gm/cc gm/cc Gc=2.62 
ce ee Ea RE eS a PRI Cd aE ie ee 
5 ] 6.362 0.9213 1.879 1.076 28.3 
5 V4 6.351 0.9204 1.891 1.887 eyo 
1 3 6.218 0.6208 1.741 Mr Ay 53.6 


1) 4 Gecal Ue6353 ero 1.747 So ts 


The density of the 5 bar discs was unexpectedly greater than 
that of the 15 bar discs. However, Soilmoisture Co., report that 1 bar 
discs can be purchased that have a low flow rate and a porosity of 
25 percent, or a high flow rate with a porosity of 42 percent. It 
appears that the sintering process is controlled to produce the de- 
Sired air entry value rather than have the porosity controlling the 
air entry value. 


The coefficient of permeability of the ceramic disc mounted 
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in the base plate can readily be measured by placing water above the 
disc, increasing the chamber pressure and measuring the flow in the 
water volume change indicator. Numerous permeability tests were per- 
formed and the results are summarized in Table B.8. A typical plot 

of flow versus time is shown in Figure B.12. The system for measuring 
permeability is precise and the data could be essentially duplicated on 
different dates. For example, the tests performed on Oedometer No. 

177 on February 18, 1972 and February 22, 1972 are essentially the 
same. 

The measured coefficients of permeability agree closely with 
those suggested by the manufacturer. Minute cracks in the discs 
caused an increase in the coefficient of permeability (eg. Oedometer 
#177, Jan. 5/72) . However, the increase in permeability was generally 
small while the decrease in the air entry value was substantial 
(section B.6). In a couple of cases, the 15 bar discs appeared to 
be plugged since they essentially resisted all flow of water (eg. 
Triaxial No. 2, Nov. 17/71). New discs had to be substituted. It 
appears that the fine tolerance associated with manufacturing the 15 bar 
discs presents some difficulties in this regard. 

The average coefficient of permeability of the 5 bar discs 
was 1.16 x 107” cm per second and 7.89 x 107? cm per sec for the 15 
bar discs. The averages were computed using the data from tests on 
discs that were functioning properly. These values compare closely 


with the manufacturers results. 


Contaminating the discs with n-Hexane and subsequently washing 
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OEDOMETER 177 
4 BAR CERAMIC DISC 
PRESSURE = 50 PSI 


OEDOMETER I79 
15 BAR CERAMIC DISC 
PRESSURE = 80 PSI 





ELAPSED TIME (MIN) 


STEADY STATE SEEPAGE THROUGH HIGH 


CERAMIC DISCS 


AlF 


asd 


eS oe ee ee) 





Tvl ABTSMOORO, 
3210 SIMARED Rage & : 
129 o8 » 3RUeERAG 


an 
\ 
\ : 
\ 
\ in) 4 
\ 
Y 
\ 4 ie 
\ 
\ a8 
+ 
evi RITSMOUSO ue rey 
29210 DJIMARSD AAG @) 
9 04 < af val 
i - . i 
—_—, ae ; >. en ae , 
- preaieg a ref tivelaty a 
beget 1 YT , a 





is tat ¢\ ee? 3b “et. astern a ¥ yes > 2F. 
¥ - ee 2. * 


TABLE B.8 


SUMMARY OF PERMEABILITY TESTS ON CERAMIC DISCS 


en i tn ea ea a ae 
Flow Per 
Unit Time 
(cc/min) 


ee 


Low air entry disc on Triaxial #1 
(from factory) 


First disc installed on Anteus 
Oedometer #179 


Thin disc on Oedometer #179 
Thin disc on Oedometer #177 
Oedometer #179 


Oedometer #177 (small crack along 
edge of disc) 


Oedometer #177 (Added some glue 
to seal the crack) 


Oedometer #179 


Thick disc on stainleas steel 
base, Oedometer #177 


Triaxial #2 

New disc in Triaxial #2 
Oedometer #177 

Oedometer #179 

Oedometer #177 (crack in disc) 


Oedometer #177 (new disc with 
new bevelled design) 


Triaxial #2 


Oedometer #177 (same disc as Jan. 
7, after using h-Hexane in it 


Oedometer #177 (cleaned with 
acetone) 


Oedometer #179 (cleaned with 
ethyl] alcohol) 


5 VAAL 
. 2/n 


a CUE 


June 3/71 


Dec. 


Nov. 


Dec. 


Feb. 


Feb 


. 27/71 
5 AU 
- 30/71 


- 30/7) 


. 30/71 
- 17/7 
1/71 


7/71 
. 19/71 
~ 7/1 
17/7) 
mosh 


apie 
. 18/72 
. 18/72 
22/72 
:09 

. 22/72 


9:57 


Feb 


Feb 


paces 72 
w ee/i2 


13:26 


Mar 


« 17/72 


Air Entry 
Value Diameter 

(Bars) (cm) 
? 6.33 
6.33 

6.33 

4 5.70 
15 5.68 
15 5.70 
15 5.68 
15 5.70 
15 5.70 
15 5.63 
5 5.68 
15 6.35 
15 6.35 
5 5.30 
15 5.68 
5 5.68 
5 5.35 
5 5.35 
5 5.35 
5 5.35 
5 5.35 
5 5.35 
5 5.35 
15 5.68 


Thickness 


(cm) 


0. 


0. 
0. 


oS 5Oo [0' 2) 


955 


955 
955 


- 306 
- 306 


306 


306 


306 
306 


Pressure 
(psi) 


7.50 


15.8 
2959 


0.367 


0.235 
1.20 
0.230 


2.09 


0.0433 
0.197 


Permeability 
(cm/sec) 
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39 x 


.67 x 
528 Xx 


.04 x 


41 x 


16 x 


BEV 


107° 
107° 
10°6 
1077 
10°? 
10°8 
1079 
107 
1079 
9 


7 


10" 
10° 
-10 
9 
7 
9 
7 


10 
10° 
10° 
10° 
10" 
1077 


1077 


1077 
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them with acetone does not appear to significantly affect the coeffi- 
cient of permeability (eg. Oedometer #177, Jan. 7/72, Feb. 18/72 and 
Feb. 22/72). However, the response tests presented in Appendix E 
Show that the response is far more rapid after washing the discs with 
aketone. 

The results on Oedometer #177 (Feb. 22/72) indicate that the 
coefficient of permeability decreases slightly with a decreasing 


hydraulic gradient across the disc. 


B-6 System Leaks 


The portion of each apparatus associated with the measure- 
ment of water pressure and water volume change is highly susceptible 
to leakage. An attempt was made to eliminate leakage in all parts 
of the system, however, the water measuring portion must be very 
precise. The water measurement portion of the equipment can be visua- 
eed as consisting of the water volume change indicator and the base 
plate. 

(a) Water Volume Change Indicator 

The conventional double-acting Wykeham Farrance volume change 
indicator performs well when testing high water content soils over a 
Short period of time. When testing low water content soils over long 
periods of time (i.e. one month or more) minute leaks accumulate to 
produce unacceptable errors in the analysis of the data. Table B.9 
shows the order of magnitude of leakage associated with the conven- 


tional water volume change indicator. Leakage at a rate of 0.004 cc/min. 
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would accumulate to more than 150 cubic centimeters in one month. Most 
of the leakage is associated with the values. The standard values were 


replaced with Whitey valves. 


TABLE B.9 
LEAKAGE FROM WYKEHAM FARRANCE WATER VOLUME CHANGE 
INDICATOR WITH STANDARD VALVES (Nov. 18, 1971) 








Trial Applied Elapsed 

No. Pressure Time Leakage Comments 
(psi) (min) (cc/min) 

#] 50 50 0.004 Reading right burret 
50 50 0.0044 Reading left burret 


Changed the O-rings in the valves 

#2 50 5 0.024 
50 150 0.0089 

Reversed the direction of flow 

#3 50 i, 0.0114 

Reversed the direction of flow 


#4 50 690 0.00042 


The amount of registered volume change when the lead from the 
indicator is plugged, is dependent upon the direction that the Whitney 
valves point. Figure B.13 shows the effect of reversing the direction 
of the valves while continuously reading the same burret. In one di- 


rection, there is very little volume change whereas a reversal of the 
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direction of the valves shows substantial leakage. The volume change 
indicators are designed such that all compression of the fluid in the 
indicator and leakage from the indicator is monitored on one burret 
while the other remains essentially constant. Air in the volume change 
indicator undergoes a volume change when the backpressure is changed 
or when the temperature is changed. This volume change is always 
monitored on the burret corresponding to the direction the valves 
point. The water between the burret and the outer lucite tube can 
also slowly diffuse through the outer lucite. This is registered on 
the same burret. It is essential that the burret opposite to the 
direction that the valves point, be monitored for accurate readings. 

It is interesting to observe that over long periods of time, (with 
the valves left in the same direction) the kerosene-water interface 
in one burret slowly rises until the burret is filled with water. 
Section B.7 discusses the rate of seepage of water through lucite. 

On a couple of the volume change indicators it was observed 
that both burrets were undergoing a slow (but different) rate of 
volume change with time (Figure B.14). The volume change appeared to 
be the result of a slow leak past the rubber at the base of the burret. 
Attempts to tighten down the rubber seal simply forced the burrets up 
and out of the base. To overcome this difficulty, the volume change 
indicators were modified by inserting a small lucite washer below the 
rubber seal. The rubber seal could then be securely tightened and the 
volume change in one burret become negligible (Figure B.15). This 
modification was most necessary on the 5 cc burrets. 


Both burrets were monitored for several days on the volume 
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B34 
change indicator used in conjunction with Oedometer #179 (Figure B.16). 
The pressure applied to the volume change indicator was 50 psi. 
Essentially zero volume change was recorded on the burret opposite 
to the direction the 3-way valves were pointing. A continuous volume 
change was recorded on the other burret. It should be noted that the 
pyrex glass burrets does not allow the diffusion of water. 

To ensure the proper functioning of the water volume change 
indicator, it should be subjected to a back pressure of 50 psi with the 
valves pointing in one direction for several days. The observed volume 
change over a two day period should not exceed 1/10 th of a cc 
(Figure B.17). The direction of the valves should then be reversed 
and the check repeated. 

The polyethylene lines on the volume change indicator and 
the line to the base plate also allow some leakage in response to a 
pressure gradient. The amount of leakage is generally insignificant 
but it can be reduced by using copper tubing rather than polyethylene 
tubing (Figure B.18). 

The swedge-lock connectors do not appear to present any 
problems of leakage. In some instances, the Whitey valves had slow 
leaks. These were overcome by removing the plastic handle and tighten- 
ing the valve packings. 

(b) Base Plate 

There are three possible sources of leakage from the base 
plate; namely, through the ceramic disc, past the O-ring seal between 
the base plate and the bottom of the chamber and through or around 


the valves connected to the base. Although water seeps through the 
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high air entry disc, it must not allow the passage of air at pressures 
below the air entry value. Air may diffuse through the water in the 
ceramic disc but this should not be considered as leakage. However, 
jt becomes important to be able to differentiate between air diffusion 
and air leakage. The movement of air into the base plate compartment 
can readily be monitored by placing an air pressure directly on the 
saturated ceramic disc. Free air should not pass through the disc 
as Teg as it does not exceed the air entry value. Various attempts 
were made to stop the diffusion of air (Figure B.19) in order to check 
on air leakage past the O-ring between the base plate and the chamber 
base. For example, a rubber membrane (with silicone grease on top) 
was fastened over the disc. This merely changes the rate of diffusion 
but does not eliminate it. In Figure B.19, the rate of air diffusion 
through the disc without the rubber membrane is shown at an elapsed 
time of approximately 175 minutes. Diffusion through the rubber 
membrane and water is represented by the period from 200 to 260 minutes. 
The volume of air measured in the diffused air volume indicator checks 
closely with that measured on the water volume change indicator. 
Checks on the tightness of the valves and the alignment of the ports 
ensured they were not involved in the leakage. The rate of volume 
change is in keeping with that computed for the diffusion of air 
through water in the ceramic discs (see Chapter Ti) 

If free air is passing through the disc as a result of a 
rupture in the air-water meniscus, the rate of air flow increases by 


several orders of magnitude (Figure B.20). The rupture shown on the 
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B4] 
first trial was due to a fine crack in the ceramic disc. The crack in 
the disc was then sealed with Alpha Cyanoacrylate cement (VIGOR ARON 
ALPHA). The disc then withstood high air pressures with only a slow 
rate of air diffusion through the water. When the diffused air was 
monitored and subtracted from the water volume change indicator read- 
ings, the net result shows a cancelling effect. The two volume changes 
do not completely check due to an inaccuracy in the water back pressure 
reading. It was not realized at that time that the absolute pressure 
in the base plate must be accurately known. Also the flushing technique 
was not Periected duathis.~tame.. 

Another test (Figure B.21) was started with a small amount 
of water over the disc. The diffused air measured at the end of load- 
ing step #1 appears to have come out of solution due to the reduction 
in pressure. Loading steps #2 and #3 show that the water volume 
change indicator reading can be accounted for as diffused air. 

The diffusion of air through the water in the disc is not 
considered as a leak. Only if the disc has a crack or does not with- 
stand pressures up to the air entry value for some other reason, is 
the volume change termed a leak. Leakage and diffusion can general ly 
be separated by observing the order of magnitude of the volume change. 
Leakage is generally considerable faster than diffusion. From Chapter 
Il, diffusivity of air through water in a ceramic disc should always 
be less than 2 x 107? ei /see. This is the diffusivity for pure water 
and the value when the water is in the high air entry, ceramic disc 
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is approximately one order of magnitude less fives pes i |0e cm/sec). 
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B43 

Leakage through the valves on the base plate can be observed 
by placing a high air pressure on the ceramic disc and a somewhat 
lower back pressure on the water. One part on the base is connected 
to the water volume change indicator and the other is closed. Water 
leakage from the closed or open valve is registered as a fictitious 
volume of water moving into the chamber (Figure B.22). There should 
be a few drops of water placed outside of the base plate (on the chamber 
base) during this test to assure 100 percent relative humidity in the 
chamber. To complete the check, the water volume change indicator 
should also be connected to the other port and the check repeated. 
Note that the diffusion of air through the base plate causes volume 
change opposite to that due to leakage of the valves. A correction 
is applied in agreement with the monitored diffused air. 

Leakage from the valves can be checked more readily by per- 
forming a pore pressure response test. Any leakage from the compart- 
ment is reflected as a decrease in the slope of the response curve 
(from the theoretical value) or as a dramatic increase in the com- 
puted compressibility of the fluid in the measuring system (Figures 
B.23, B.24 and B.25). The pressure at which leakage occurs can be 
observed from the response curves (Figure B.24). This test can also 
be used to differentiate between a leak in the valves and a leak in 
the O-ring between the base plate and the chamber base. A leak in 
the O-ring would result in a response more rapid than that anticipated 
from the response theory. 


A small nick in an O-ring in the Circle Seal valves on the 
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B48 
base was the source of the leakages shown in the above Figures. The 
O-rings were made of neoprene rubber which reacted with the acetone 
used to wash out the ceramic disc. The reaction results in the swelling 
of the O-ring causing it to be Saeed Out when the valve is turned. 
Attempts to close the valves pinched the O-ring, removing a nick. The 
old O-rings were substituted with Butyl rubber O-rings that do not 
react with acetone. 

Water vapor is also lost or removed from the chamber if air 
leaks past the wall of the chamber. To ensure against air leakage 
from the chamber, the saturation vent valve is removed from the top 
of the dome and replaced with a pressure transducer. A pressure of 
100 psi can be applied to the chamber and then the valve above the 
saturation water reservoir closed. The chamber pressure is monitored 
with time (Figure B.26). A leak shows up as a continuous and significant 
decrease in pressure. The monitored pressure change over a period of 
one day (Figure B.26) was less than 1 psi. The pressure change is 
believed primarily related to the air temperature change while leak- 


age was insignificant. 


B-7 The Permeability of Rubber and Lucite 


A simple test was performed to observe the rate of movement 
of water through rubber and lucite (Figure B.27). Water was placed 
in several petri dishes that were then covered with a "latex" rubber 
membrane that was sealed against the dish with an O-ring. Pyrex glass 


does not allow any water loss over long periods of time and therefore 
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RUBBER LATEX RUBBER MEMBRANE 
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B51 
any weight loss is due to the loss of water through the rubber. Water 
loss either in liquid or vapor form is of importance in assessing the 
performance of the laboratory equipment. The petri dishes were later 
placed under an enclosed lucite container to see if water vapor 
equilibrium could be established across the rubber membrane. The 
lucite container was taped to an arborite table top. Each three or 
four days, the tape was removed and the petri dish was carefully re- 
moved for weighing. An attempt was made to prevent any exchange of 
air under the lucite container. 

Figures B.28 and B.29 show that steady state seepage through 
the latex membrane was established in approximately one day. The co- 


efficient of permeability of rubber can be computed using Darcy's Law. 


q = kiA B.1 


where k = coefficient of permeability of rubber with respect 
to water 
i = driving force designated as the change in vapor 
pressure across the membrane (i.e. AP ,/d) 
A = cross-sectional area of the membrane. 


The rubber membranes in all three tests were 0.040 cm thick 
and the cross-sectional area of the petric dishes was 62.2 cm*. Average 
environmental conditions in the laboratory were used to compute the vapor 
pressures above the rubber membrane. The relative humidity used was 
25 percent and the temperature was 73°F ( 23°C ). The air below the 


rubber membrane was assumed to have 100 percent relative humidity and 
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a temperature of 73°F. The vapor pressures corresponding to each re- 
lative humidity are computed from the general Gas Law. (see Chapter 
II). The vapor pressure at 100 percent relative humidity is 19.76 
gms /om® and 7.9] gms /cm® for 25 percent relative humidity. The co- 
efficient of permeability is computed from 
‘ q(cc/day) * d(cm) » Yyy (gms /cc) : 
RS ck Se a San AR B. 
86,400(sec/day) = A(cm*) . AP, (gms/cm ) 
The rates of flow and the coefficients of permeability are 


Shown in Table B.10. 


TABLE B.10 
SUMMARY OF THE RATE OF WATER SEEPAGE THROUGH RUBBER 
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Test D ‘oti Rate of Permeabili 
No. ere tPeren Flow(cc/day) (cm/sec) 
1 Water vapor below the rubber = 
membrane (water at bottom of 0.093 5.84 x 10 
dish)* 
2 Water in contact with the (oe Bis} Vol OcxX se 
membrane 
3 Water in contact with membrane 0.094 5.90 x 10° 


(vacuum grease seal) 


*The membrane bowed up due to the vapor pressure increase. 
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The values are approximately one order of magnitude lower 
than those presented by Poulos (1964). Reporting on the work of Casa- 
grande and Shannon (1948), Poulos showed "thin" latex membranes 


(0.005 cm) to have a permeability constant of 3.6 x 107 !0 


cm/sec. 

It should be noted that latex rubber deteriorates with time 
when subjected to water or water vapor on one side and air on the 
other. By March 6, 1972 (elapsed time of 37 days) the rubber was 
completely cracked and rotten. The points of stress concentration 
deteriorated first. Deterioration was also noted in connection with 
soil tests that extended more than one month. 

When the rubber covered petri dishes were placed under the 
lucite containers, the rate of water loss decreased (however, it was 
still substantial) but showed no sign of equilizing. In the case 
where open water containers were also placed under the lucite cover, 
the rate of water loss became essentially zero (Table B.11). 

The lucite appears to impede the loss of water; however, 
it does not stop it. A test was performed placing some water in a 
small enclosed lucite container. The container was 234 cc with a 
surface area of 211 cm* and an average wall thickness of 0.66 cm 
(Figure B.30). The test was not continued long enough to accurately 
ensure the rate of water loss. The best-fit line through the data 
gives a value of 0.0162 cc per day corresponding to a permeability 


-11 


value of 4.95 x 10 cm/sec. This value is very similar to that of 


the rubber. 
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TABLE B.11 
RATE OF WATER LOSS FROM COVERED PETRI DISHES 
PLACED BELOW LUCITE CONTAINERS 





Test* Rate of Volume of Inside Surface Average 
No. Water Loss Lucite Container Ares Lucite Thickness 
(cc/day) (cc) (cm) (cm) 
] 0.077 1583 764 0.60 
2 0.086 4588 1599 0.29 


5 0: 00** 4588 1599 0.29 


*Test numbers correspond to those in Table B.10 
*kRate of water loss from the open container was 0.170 cc/day 


The International Critical Tables document three cases of 
measured transmission of moisture through Nitrocellulose ("Pyroxylin") 
plastics (Table B.12). 

The values computed from the data in the International 
Critical Tables are in good agreement with those obtained in the labora- 
tory. It would appear that lucite cannot be considered as impermeable 
to water transmission and must be kept in mind during equipment design. 

Iso-Octane was also placed in the enclosed lucite container 
and the weight loss was approximately 0.016 cc/day (Figure B.30). 

Two pieces of lucite were immersed in water and Figure B.3] 
shows their absorption of water with time. The small tube of lucite 
gained 0.43% by weight and the larger block gained 0.15% by weight 


after 6 days of immersion. The International Critical tables report 
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TABLE B.12 
TRANSMISSION OF MOISTURE THROUGH NITROCELLULOSE PLASTICS 








Case mee Thickness Flow ,Rate Permeability** 
No. ASeadeilshahde (cm) (cc/cm"/day) (cm/sec) 
la. One surface dried by 0.0762 0.000288 8.29 x 107! | 
CaCl5 and the other ex- 10 
b. posed to the summer at- Loewe. * 
mosphere 
2 Air dried by CaCl5 on one 0.160 0.00062 5.81 x 107! 
Side and saturated air 
on the other 
3 Same as #2 0.0117. 0.0117 3.08 x 107!! 


*Assumed a relative humidity of 100% for la) and 25% for 1b). 
**A temperature of 63°F was assumed in all cases to compute the dif- 
ferential vapor pressure. 


absorption values of 1.6% to 2.3% by weight. It appears that absorp- 


tion in the tube and block was not complete. 


B-8 Check on Initial, Final and Change in Volume Relations 


The most significant check on the reliability of the volume 
change measurements relates to a comparison of the initial, final and 
change in volume measurements. For example, the measured initial con- 
ditions plus the change in volume conditions during the test should 
essentially equal the measured final conditions. If the results con- 
firm this statement, it can be concluded that the equipment is function- 
ing satisfactorily. The measurements related to the volume conditions, 


that are analysed are the height, diameter and water volume. 
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Tests #2 and #13 involved very soft specimens that underwent 
large deformations prior to the initial volume readings. Therefore 
they are ignored in the statistical evaluation of the volume measure- 
ments. 

The height measurements are analysed primarily to emphasize 
the order of magnitude of the accuracy commonly associated with con- 
ventional consolidation testing. Table B.13 tabulates the height of 
sample measurements and compares the computed and measured final 
heights. The "deviation" of the computed and measured heights is de- 
Signated as positive when the computed height is greater than the 
measured height. 

On the one-dimensional oedometer tests, the mean of the "de- 
viations" was -0.028 cm or a volume of 0.89 cc. Compared to an average 
height of the samples, the computed height was approximately 1.2 per- 
cent smaller than the measured height. The difference is probably 
related to the slight rebound in the sample between the time of the 
final vertical reading on the oedometer and the removal of the sample 
from the pedestal. The standard deviation between the computed and 
measured final heights is + 0.03 or 0.96 cc. 

On the triaxial specimens, the average difference between 
the computed and measured final heights is + 0.012 (0.96 cc) and the 
Standard deviation is + 0.058 (4.64cc). When compared to the average 
height of specimen used, the mean is approximately 0.2 percent and the 
standard deviation is approximately 1 percent of the total height. 


Thus, the reproducibility of the triaxial specimen heights are com- 
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ANALYSIS OF SAMPLE HEIGHT MEASUREMENTS 


TABLE B.13 


B6l 





Test 
No. 


Apparatu 
No. 


T-1 
OED-177 
OED-179 

T-] 
OED-177 
OED-179 
OED-177 

T-1 
OED-179 
OED-177 

T-1 
OED-179 
Bench-3 
OED-179 

T-2 

T-] 

T-2 
Bench-3 
OED-179 
OED-177 
OED-177 
OED-177 

T-1 
OED-177 
OED-179 

T-2 


S Initial 


Height 
(cm) 


oad 


ot 


—! 
OM ON HH WNNMAD—|—AMNMNMONDNM WS—/MNM ND NH WO 


Change in 


Height 
(cm) 


394 
ejelw) 
Dee 
.058 
.004 
011 
.075 
094 
LY) 
.046 
.088 
081 
.022 
.056 
081 
.001 
2097 
218] 
sO1z 
.026 
042 
7039 
o199 
.026 
.040 
.057 


Computed 


Final 
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—_— 


Height 


(cm) 


.65] 
. 184 
nud! 
2701 
519 
.903 
ed 
. 188 
ns 
= 
saa 
. 636 
pice 
role 
.746 
74) 
.250 
o/c) 
.958 
- 146 
cold 
yy ae 
at.JO 
. 880 
seoG 
- 146 


Measured 


Final 
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Height 


(cm) 


2) 

a Gs 
-114 
.200 
. 569 
.549 
sola 
.878 
. 194 
.616 
mee 
671 
747 
2234 
820 
.672 
Seri, 
100 
B18) 
Pcug 
90] 
ye) bi 
wes) 
.894 
son 
216 


(cm) 


Paths 
Fs 
-0. 
-0. 
-0. 
. 046 
.088 
.310 
08] 
.020 
.000 
.035 
4025 
.014 
.074 
. 069 
027 
.038 
Old 
sung 
.022 
.006 
.078 
.014 
ced 
.028 
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001 
003 
409 
050 


Deviation 


fan 


‘ og 


30.04 Sv¥o.F1 rpy fT 100.0- OPy. if 
.Q- VAS.a OeS .d {e0 .0+ " VRE.3 


\ : - 
-0.0- ec\.S$ rSv.S8 fst.o ob¢2 .S 
10.0- eae .$ §2e.$ $70.0- abe.s 
+* —h « - ~ - r 
eco .0- 20S -€ off. aS80.0+ SVT.€ 


$0.0-  f00.! ets. [ SAO. 0+ se. rt. 
OF 6 Tia.s Es2.$ £0. 0+ de@2.$ 
0+  arr.a aaS.2. eet .0- 20.2 













a2] 
—~ 
oo 
hat 
ra) 
> 
~~ 


TW3MIAUZAIM THOLIH SIQMA2 30 12VJAWAS © 


ls a 


so =6bstuqmod nt sensdd § fatstal 
i sal fenr4 JAptoH 3 


3 ; tn i aH 
| nD) ) (mo) (m2) 


; r ¢ ;.% $s2 4 E£9d. $ 
: t Re ) = EEX. IT 
. ) hO00. 0- efe.S 
es i .5 110.0- Sens 
: ig. 1 ast. 2\0.0+ 08 .f 
+: Bar .€ b20 . 0 S8S.€ 
. he Efr.s (GE. 0+ ova.S 
_  pfa.t aed. § 300.0- 082.5 
fer.of Di 880. 0- Ef0.01 
a a.‘ S rah i= : éc.$ ; 
; ATS sv.s $S0 . 0+ PAT .S 
0 Fes CFS. ac0.0+ eXs.$ 
- 


o0e.f 





B62 
parable to those of the one-dimensional oedometer tests. 

The analysis of the diameter measurements on the triaxial 
specimens is presented in Table B.14. The mean final computed dia- 
meter is 0.008 cm (0.75 cc) larger than the final measured diameter. 

The standard deviation is + 0.05.cm (4.72 cc). From the limited data 
available for analysis, it appears that the reliability of the dia- 
meter measurements is similar to those of the height measurements. 

The most important volume analysis involves the water volume 
measurements. The results are presented in Table B.15. Samples tested 
prior to Test #15 did not have any flushing of diffused air capabilities. 
Tests #15A, #16 and #17 had the diffused air volume indicators in- 
stalled after the first few days of testing. Therefore, the diffused 
air volume was accounted for during most of the test. The remainder 
of the tests had complete corrections applied for the diffused air 
volume. 

The two triaxial tests performed with no flushing show a 
computed final water volume 2.0 cc greater than the measured final water 
volumes. Four oedometer tests show a computed water volume 1.5 cc 
greater than the measured final water volume. In the case of the 
oedometer tests, there are two factors involved in the loss of water 
from the specimen. First, some water may be lost from the sample via 
the lucite chamber. Second, the diffusion of air through the high 
air entry disc produces a fictitious water loss. The two factors 
produce compensating types of errors. The first factor (i.e., water 


loss from the chamber) appears to have been the most dominant. Al] 
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TABLE B.14 
ANALYSIS OF SAMPLE DIAMETER MEASUREMENTS 


Test Apparatus Initial Change in Computed Measured 
No. No. Diameter Diameter Final Final Deviation 
Diameter Diameter 
(cm) (cm) (cm) (cm) (cm) 
2 T-1 10.200 +0.141 10.059 8.638 +1 .42] 
9 T-1 10.169 +0105 10.064 10.060 +0 .004 
13 T-1 TG3 215 +O. 205 10.010 9.949 +0.061 
16 T-1 10.288 +0.060 10.228 10,281 -0.053 
20 T-2 105177 +0.550 9.627 10.040 -0.413 
21 T-1 10.160 +0.040 108120 9.874 +0.246 
(ore T-2 10.160 +0.081 10.079 10.032 +0.047 
32 T-1 10.24] -0.124 10.365 10.296 +0 .069 
30 T-2 10.218 +02 075 10.143 10-226 -0.083 


the tests were of a relatively short average duration of 22,600 minutes. 
In the triaxial tests where the diffused air volume was 
measured and accounted for, the mean computed final water volume is 
1.73 cc less than the measured final water volumes. The standard de- 
viation is + 7.3 cc or 0.9 percent. This demonstrates a slightly 
greater reliability than that obtained for the total volume measure- 
ments. 
The one-dimensional oedometer tests show a mean computed 
final water volume 0.76 cc greater than the measured final water 
volume and a standard deviation of + 1.86 cc (3 percent). On a per- 


centage basis, the water volume measurements in the oedometer samples 
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as reliable as the total volume measurements. However, the volumes 
of water involved are extremely small and the duration of the tests 
was relatively long. The average duration of the triaxial and one- 
dimensional tests was 64,300 minutes. 

Table B.16 summarizes some of the accumulated diffused air 
volumes measured in the triaxial and oedometer tests. Obviously the 
omission of these volumes over the duration of a lengthy test produces 
a considerable error. The overall average rate of air diffusion in 
the samples tested is 0.12 cc of air per day. This value is merely 
a rough guide and is significantly affected by the air and water 
pressures involved during the test. 

The foregoing discussions consider checking against the 
final measurements. Although the error involved in the diffusion 
of air may be relatively small over a period of a few days, it may 
significantly affect the results of the process under consideration. 
In other words, it is necessary to have a higher degree of accuracy 
on the measurements of volume change than on the initial and final 
measurements. Based on the measurements of total volume change re- 
corded during a conventional one-dimensional consolidation test, the 
accuracy of the volume change measurement should be approximately | 
one order of magnitude greater than the initial and final measure- 
ments. Applying this reasoning to the water phase, it becomes 
necessary to measure the volume of diffused air on essentially all 
tests involving the assessment of unsaturated soil processes. The 


modifications adopted in both the triaxial and the oedometer test 
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equipment appear to produce the desired reliability, even over extended 


periods of time. 


Test 
No. 


15A 
16 
Lf 
20 
ral 
32 
33 
34 
35 


Apparatus 


No. 


OED-177 
T-1 
OED-179 
T-2 
T-1 
T-1 
OED-177 
OED-179 
T-2 


TABLE B.16 
SUMMARY OF DIFFUSED AIR VOLUMES 


Duration of 


Test 
(min) 


45 ,930 
113,750 
30,070 
315/30 
117,670 
141,170 
126 ,680 
125 ,280 
iz2aze0 


ned 
om FP nN FSP — KN — 


Volume of Diffused Air 
at the Chamber Pressure 


0% 
sed 
.88* 
596 
04 
.05 
81 
89 
05 


*Diffused air volume measured for only a part of the entire test. 
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ANALYSIS OF THE NULL TESTS 


C-1 General 


Cl 


The null test program involved a series of tests on saturated 


samples and a series of tests on unsaturated samples. The program on 
the saturated samples can be divided into two sections. The tests in 
section I were performed by simultaneously changing the total and wate 
pressures and measuring the overall volume change with time. These 
tests were performed to check the procedure and equipment for a known 
case, thereby establishing the degree of reliability and accuracy that 
could be anticipated. In the triaxial apparatus, the change in the 
total volume of the sample was monitored along with the change in the 
volume of water in the sample. In the one-dimensional apparatus, only 
the total volume change of the sample was monitored due to the design 
of the equipment. | 

The tests in section II have an air pressure applied to the 
top of the saturated samples. The null tests involved simultaneously 
changing the total, air and water pressures by equal amounts. In this 
case, the air pressure reaction time was instantaneous and it was 
desirable to ascertain whether or not equilibrium could be maintained 
with an air-water interphase (contractile skin) at the surface of the 
sample. The total and water volume changes were monitored for all 


tests. 


The main part of the testing program involved null tests on 
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C2 
unsaturated samples with various degrees of saturation. The total and 


water volume changes were monitored with respect to time. 

The basic data acquired and presented for all null tests, is 
the total and water volume changes with respect to time. In general, 
these volume changes are divided by the total volume of the sample. 
That is, the data is presented as a percent volume Change or as a 
porosity change. The volume change is defined as positive (+) when 
the sample volume decreases or when water or air come out of the sample 
and vice versa. For most of the tests, the record of the pressure 
readings with time are also plotted. These indicate the accuracy of 
the constant pressure system. 

The analysis of the experimental data is discussed with 
respect to the following general questions: 

(i) What are the test procedural factors affecting the results? 

(ii) What is the effect of air diffusion through the sample or 
water evaporation from the sample? | 

(iii) What is the effect of secondary consolidation? 

(iv) Approximately what amount of volume change would be antici- 
pated if the stress state variables were changed by the 
amount the stress components are changed? 

(v) How much volume change occurred in the soil structure 

(total sample) and the water phase? Fundamentally, it 

is the stress state variables of the soil structure and 

the contractile skin that are being experimentally verified. 


The percent volume change in the contractile skin is 
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G3 
analogous to the percent air volume change. The test 
technique is such that the air porosity change is not 
directly measured. Rather, it is computed as the dif- 
ference between the total volume change and the water 
volume change. Continuity assures that the contractile 
skin equilibrium is maintained when the total and water 
volume changes are maintained. Thus, the most basic data 
measured (i.e. total and water volume change) are plotted. 

(vi) Is a PROCESS occurring? If so, why is it occurring? These 

questions are most important when assessing the validity 

of the proposed stress state variables. If a process is 
occurring that is related to factors other than a change 

jn the stress components, it can be concluded that the 

null test has not produced a process. In other words, 

test procedural factors and secondary soil properties 

must be separated from any "real" process that may be 


taking place. 


The null tests were performed on Devon silt, kaolin and a 
mixture of Devon silt and kaolin. The classification properties are 


presented in Table C.1. 
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C-2 Null Test Analysis on Saturated Samples (Section I) 


The null tests performed for Section I of the test program 
are summarized in Table C.2. The volume weight relationships for each 
sample are shown in Table C.3. The data represents the conditions at 
the start of each null test. The pressure changes associated with 
each null test are summarized in Table C.4. The “After Pressure 
Changes" tabulated are those at the end of the null test. 

The results of three tests performed on Devon silt are shown 
in Figure C.1] to C.3 inclusive. The sample was initially mixed as a 
slurry; however, no attempt was made to remove entrapped air. The 
measured volume changes are primarily related to the entrapped air. 
The silt does not exnibit significant secondary consolidation character- 
istics but is very sensitive to disturbance. There was difficulty in 
obtaining accurate volume measurements on the soft, sensitive sample 
and as a result, the computed degrees of saturation may not be re- 
liable. 

On the first null test, (N-1) the total and water pressures 
were increased in one psi increments for a total of 10 psi. The first 
measurement of water pressure was somewhat inaccurate resulting in too 
large a water pressure change for the first increment. The effective 
stress dropped by two psi at the start and an additional 0.8 psi during 
the remainder of the test. Water went into the sample in response to 
the increase in the water pressure. The sample decreased slightly in 
volume; however, more readings of the total volume should have been 


recorded. For the first few nuli tests there was some difficulty in 
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obtaining reproducable readings on the cathetometer. 

For the N-2 test, the total and water pressures were increased 
in two, 5 psi increments. The total volume decreased and water went 
into the sample. For the N-3 test, the total and water pressures were 
decreased in four, 5 psi increments. There was a water volume decrease 
of almost 2-1/2 percent while the total volume remained essentially 
constant. 

The amount of water going into the sample during the increase 
in water pressure, reflects the compressibility of the pore fluid. The 
calculated degrees of saturation approach 100 percent; however, the 
measured compressions indicate much lower values. Applying Boyle's 
law to the measured compression results in a degree of saturation as 
low as 85 percent. 

Two points are obvious from the Null tests on sample #1. 
Attempts must be made to obtain a higher initial degree of saturation 
and a soil with a structure less sensitive to disturbance. The second 
set of tests (Figures C.4 and C.5) were performed on a sample consisting 
of 80 percent Devon silt and 20 percent kaolin. The slurried sample 
was tamped to remove entrapped air bubbles. Considerable amounts of 
air were observed as the sample was placed on a concrete vibrating 
table for several minutes. (Al1 subsequent saturated sample were 
prepared in a similar manner). The sample was formed by one-dimensional 
consolidation to a pressure of 4 psi and tested in Triaxial Apparatus 
No. I. 

The changes in total and water pressure were applied simul- 
taneously in one increment. The triaxial equipment functioned satis- 


factorily but the technique for operating the cathetometer was stil] 
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615 
not perfected at this point. The scatter in the total volume change 
readings, (N-5), is indicative of the poor cathetometer technique. 
Also, more cathetometer readings should have been taken for tests 
(N-5) and (N-6). 

Null test (N-4) showed a total volume change of 0.08 percent 
at the time of changing the pressures. No further volume change was 
evident during the elapsed time of 5/60 minutes. There is some scatter 
in the cathetometer readings but there is no evidence of a continuous 
anes The water phase volume gradually increased with time. The 
process is due to the compressibility of the pore fluid. Only the 
entrapped air can account for the volume change since the soil solids 
and the water are essentially incompressible. Attributing ala tne 
volume change to the entrapped air, the degree of saturation jis com- 
puted as 98.7 percent. The degree of saturation computed from the 
volume-weight measurements was 97.6 percent. The measured volume 
changes are small and consistent with those anticipated. The total 
volume change represents only 0.40 cc while the water volume change 
represents 0.58 cc. An effective stress increase of 10 psi would pro- 
duce a volume change of approximately 5.0 percent or 26.5 cc. 

Null test (N-5) was performed 14 days after test (N-4) when 
the sample was consolidated to an effective stress of 37.7 psi. The 
drop of 20 psi in the total and water pressures appear to have pro- 
duced some disturbance to the soil structure since the total volume 
decreased. The limited number of cathetometer readings presents some 
handicap in interpreting the data. 


The pressures were reduced by an additional 25 psi for the 
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(N-6) test. The total volume increased while the water volume decreased. 
Combining the effects of the (N-5) and (N-6) tests, the total volume 
increase was 0.095 percent and the water volume decrease was 0.08 per- 
cent. Applying Boyle's law to the volume changes indicates that the 
degree of saturation was approximately 99 percent. 

A total of six null] tests (Figures C.6 to C.8, inclusive) 
were performed in the oedometer on a sample composed of 80 percent Devon 
silt and 20 percent kaolin. Due to the construction of the oedometer, 
only the total volume change is monitored. The chamber is filled with 
water and the volume change in the water phase cannot be monitored. 
The tests are as much a check on the equipment as they are a study of 
null behavior. The tests involve increasing or decreasing the chamber 
pressure (water) by a designated amount. The total pressure (controlled 
by a differential pressure regulator) is automatically increased by an 
amount equal to the chamber pressure increase. If the water pressure 
change causes a change in volume of the sample, the dial gauge records 
tt 

Performing the null test involves simultaneously opening the 
total and water pressure valves. The slight increase or decrease in 
the volume of the sample during the first six seconds of loading is 
the result of either the total or water pressure being applied first. 
Generally the water pressure lags slightly due to the volume of air 
above the water in the water saturation reservoir. 

None of th tests showed any tendency for volume increase. 


Rather they show a slight volume decrease probably due to sample dis- 
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turbance and secondary consolidation. 

Three null tests on a soft kaolin (Figure C.9 to C.11, inclu- 
sive) were performed on Triaxial Apparatus No. 1. In each case the 
applied pressures were increased in 10 psi increments. The technique 
for reading the cathetometer was perfected by this time and the re- 
sults are consistent. The pressure regulators show a fluctuation of 
approximately 0.3 psi. The fluctuations are primarily due to vari- 
ations in barometric pressure. In general, both the total and water 
pressures change by the same amount, leaving the effective stress 
constant. 

The tests showed essentially no water going into the sample 
when the water pressure was increased. After periods of one day a 
slight amount of water had come out of each sample due to secondary 
consolidation. Tests (N-14) and (N-15) show some compression at the 
time and stresses were increased. With time, each test showed a de- 
crease in volume approximately equal to the volume of water expelled. 
The immediate compressions may be due in part to the inability to com- 
pletely correct for compression in the measuring system. 

In each null test performed in Section I, only a small amount 
of total and water volume change was observed. The immediate volume 
change accounted for most of the total volume change. Entrapped air 
and compliance of the measuring system are believed responsible for 
the immediate volume changes. Slight volume changes over long periods 


of time are believed to be related to secondary consolidation. Table 


C.5 shows a summary of the volume changes monitored. Also tabulated 
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C-25 
is an estimate of the volume change that would accompany an effective 
stress change equal to each stress component change. The volume changes 
are based on the initial effective stress and an estimate of the com- 
pressive index. The last set of null tests indicated a total volume 
change of approximately 1.8 percent of that for a corresponding ef- 
fective stress increase. Similarly, the water volume change was ap- 
proximately 0.4 percent. The volume changes observed bear no relation 
to the limitation of the effective stress state variable. Rather, 
they are an indication of the limitations of this testing technique. 

In any case, the results are sufficiently accurate to assess the 


stress state variables for engineering purposes. 


C-3 Null Test Analysis on Saturated Samples (Section II 

In section II, the saturated samples had an air pressure 
applied to the top of the sample through a coarse corundum disc. The 
total and water volume changes were monitored in all tests. The test- 
ing technique is more difficult since three pressures must be applied 
simultaneously. 

The test program (Section II) is summarized in Table C.6. 
The volume weight relationships at the start of each test are shown 
in Table C.7 and the pressure changes associated with each test are 
summarized in Table C.8. The changes in the three proposed stress 
state variables are also tabulated. 

Five null tests (Figures C.12 to C.14, inclusive) were per- 
formed on a soft kaolin sample in the one-dimensional oedometer. The 


null test technique presented some problems on the oedometer. Although 
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C-32 
all three valves (i.e, total, air and water pressure valves) were 
opened at the same moment, the pressure changes may not reach the 
sample at the same time. In the case of the air pressure, a large air 
flow into the chamber is required to build up the pressure. The line 
leading to the apparatus was a 1/8 inch polyethylene tubing and several 
seconds are required for the air pressure change. On the other hand, 
the total stress on the cap is almost instantaneous. The net result 
is a slight compression of the sample (Figure C.12). If the air pressure 
valve is opened a couple seconds prior to the total pressure valve, 
essentially all the initial compression can be overcome (Figure C.14). 
The total pressure loading cap must be properly de-aired when using 
the second technique. 

Null test (N-16) shows an immediate compression due to the 
total loading being applied before the air pressure was built up. The 
water volume change indicates that approximately 1/100 of a "cc" of 
water went into the sample in the first 20 minutes. Then water came 
out for the remainder of the test. After 1400 minutes, the apparent 
water volume change was 0.14 cc. A process is destin ite occurring 
but the soil structure is unaffected. The apparent water volume de- . 
crease is due to the diffusion of air through the water in the sample 
and the high air entry disc. At this time, the apparatus did not have 
a diffused air volume indicator. This test and others verified the 
necessity of entrapping and measuring the volume of air diffusing 
through the sample. 

At the start of null test (N-17), the load range selector 


was in the wrong position and the total pressure was reduced to zero 
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633 
for the first 20 seconds. This explains the immediate volume increase 
0.073 percent. With an elapsed time of 5000 minutes, there was no 
evidence of a process occurring in the total sample. On the other 
hand, the water volume change indicator shows a continuous, apparent 
movement of water out of the sample. Once again, air diffusion is the 
cause of the apparent water volume change. On a semi-log plot of time, 
the water volume change shows a gradual, increasing rate of volume 
change. The diffusion of air should be a linear relationship on an 
arithmetic plot of time if it is occurring as a steady state process. 
Figure C.15 shows that the apparent water volume change processes 
are essentially a straight line. The diffusivity of air through the 
sample can be computed provided the boundary conditions are known. 

The results show that the sample was not initially saturated with air. 
This is reasonable since on the previous day the sample was subjected 
to an air pressure 10 psi lower than on the day of testing. In order 
to compute the diffusivity, the sample must form a perfect seal against 
the sides of the ring. This is not a reasonable assumption since there 
was a small air gap between the ring and the sample at the end of the 
test. Therefore, it is impossible to accurately assess the length of 
diffusion path. However, assuming a diffusion path equal to the length 


> cm@/sec. This 


of the sample gives a diffusivity value of 1.82 x 10 
value is higher than anticipated due to the use of a diffusion path 
that is too long. 

The applied pressures were decreased by 10 psi for null 


test (N-18). There is essentially no evidence of a process in the 










. 3eea Cah i ey 


4 


Pa \ ae 
miov sistbomnat oft entefqxs 2efaT ,2bnosse 08 


rm 0002 to. omtd beeqslo: ne nisiW 
sxonzo ait nO .efqmbe T6303 odd At patrqw5d50 cae 


95 .evountsaoo & ewode nossotbnt epners: omufow Tess 

2 
nof2zuttib the ,afsps sonQ» .slamse srg To. Tuo" 79) 6H 
2 
aa 


301g pO ims2 6s nt spnano emufov WSs 5w sns16qq 













itesevont ,subs1p s:ewode spneio smuig 


) tsfor asentl 6 $d bluode tts to noteuttte 
9907 " 2 U00 ef dt tf om 
mutOV..9 nsyeqqs sat 36 
7 ant eatf 3 
é f t vysbruod siz bs 
sftint ton 26w sfamse onz 

size 52 ody veb evorvs ig mo son 
isbyo pifsest to ysb sit no nsdd yowol; feqC 


fentses fas2 Jastieq 6 amot teum siqmse orig vt tvbeutt tb: edd 
sient sont2 nofiqmuees afdsnoesey 6 on et efAT -pniy orig 
sit to bane ody ts elqms2 sit obns paty odd —— 
to dtpnef ent 2zezzs ylstsw955 03 sfdtzeoqmt ahaha 
att 

eetaT coge\ma OF x x 98.1. ‘Ya: aviev ytiviel v7 ntbuiain 


7 wv 7 ¥ ; 4 we z Wy, : 
‘teninohentibns 4 5 to seu ont } ot 8 ; 032 a1 pobae ns wed 4 


cali 
| Atpnsf ont ot Tsups Ajeq nohaur¥rb 6 ontmees .revawoH 









C34 


oooll 


SWIL SASYSA J3ONVHD IWNIOA YSLVM. G3se4aLsi9O3y8 SI'D> 3YNdIS 


(NIN) 3WIL Q3SdVv13 
00001 0006 0008 0002 0009 000s 000% oo0o0e 0002 000! 


“NIN OOOI/92 €8E00 


ISd SE 0% = 3YNSS3Yd YSLVM 
ISd 2S 6% = BYNSS3SYd YIV 2 1 


oN 


ISd 910% 3YHNSS3SY¥d YILYM 
ISd 2S 6% = 3YUNSS3Ud YIV 
<I-—N 





SONVHD 3WNIOA 


(99) 


$000 


0 
as 
A 
~~ 
uu 
¢ 
J 
aa € 
( 
J 
L 
he 
b 2) 
» } 
- 
7 


on 


od au >oi 


labia 


on Su Pal eS ao si 

; 7 dal 1 be -Wurd 

= ie ~S. tf > 
e i a 


LT " 


srowe 


ba! 


Mme «0 


> 
ses 


_— 
bHEe: 


MAVLEU 









= 


soil structure or the water phase for the first 1000 minutes. At 
1400 minutes there appears to have been some disturbance to the ap- 
paratus since the total and water volumes shows an abrupt decrease. 

Null tests (N-19) and (N-20) show no indication of a process 
occurring to the soil structure. The only volume changes in the soil 
structure are the result of momentarily altering the water pressure. 
The water volume change curves show the effect of air diffusion. How- 
ever, the rate is considerably lower than that previously measured 
under the same stress conditions. Using the same assumptions pre- 
viously outlined, the diffusivity is 7.71 x 10° cm/sec. When the 
air and water pressures are increased for Null test (N-20), the rate 
of air diffusion shows a further decrease. These results show the 
difficulty in theoretically predicting air diffusion through the 
sample. Thus it becomes imperative to measure the volume of diffused 
aid 

After applying corrections for immediate volume change, the 
net total volume change for the four times the pressures were in- 
creased is zero. A corresponding increase in effective stress should 
produce approximately 10 percent volume change. The water volume 
changes sou: be compared on a similar basis due to the effect of 
air diffusion. 

Null tests (N-21) and (N-22) were performed on a kaolin 
sample in Triaxial Apparatus No. 1 (Figures C.16 and C.17). Sample 
#7 is a continuation of testing on sample #4. Some water appeared in 


the polyethylene air tube at the top of the sample by the end of 
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test (N-21). The difference between the air and water pressure was 
less than one psi. Therefore the surface tension effects in the 
coarse disc were significant. The water pressure was decreased and 
equilization allowed prior to null test (N-22). 

In null test (N-21), the soil structure shows a slight de- 
crease in volume after 500 minutes. Although the sample was allowed 
to equilize for 5 days, the volume change is likely the effect of 
secondary consolidation. The apparent increase in water volume in 
the sample is due to the uptake of water by the coarse corundum disc 
on top of the sample. The degree of saturation of the sample exceeded 
100 percent for the same reason. 

The sample was allowed to equilize for 2 days prior to per- 
forming nul] test (N-22). Once again, this may not be long enough 
to completely overcome secondary consolidation effects. The slight 
volume change after one day is likely due to secondary consolidation. 
The gradual apparent decrease in water volume is also primarily due 
to secondary consolidation of the sample. The slight difference 
between the total volume change and the water volume change could be 
due to some air diffusion. The increased length of diffusion path 
(i.e. height of sample) reduces the amount of diffused air. 

The null test technique appears to be satisfactory for experi- 
mentally verifying the uniqueness of the stress state variables for a 
saturated soil. There is, however, a problem of air diffusion through 
the water in the soil and the high air entry disc. This results in 


an apparent water volume change. The water volume change should be 


8) 
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corrected for the diffused air volume. 

Table C.9 summarizes the total and water volume changes that 
occurred during the null tests in section II. On carefully controlled 
tests, the volume change of the total sample and the water phase should 
be less than 0.1 percent for soft, saturated soils over a period of 
several days. This is approximately 2 percent of that anticipated for 


a corresponding effective stress change. 


C-4 Null Test Analysis on Unsaturated Soils 


The prime purpose of the entire nul] test program was to 
obtain experimental confirmation of stress state variables for un- 
saturated soils. A total of nineteen null tests were performed on 
unsaturated samples (Table C.10). The samples were allowed to equilize 
under a prescribed set of stress conditions and then the null tests 
were performed in the same manner as described for the saturated 
samples (Section II). The volume-weight relationships at the start 
of each null test are shown in Table C.1]. The pressure changes 
associated with each null test are summarized in Table C.12. 

The test data is examined primarily with the view to estab- 
lishing whether or not any processes are occurring with respect to 
total volume change or water volume change. The test technique assumes 
that all air voids are continuous or inter-connected. Occluded air 
bubbles should tend to make the water phase behave as a compressible 
fluid. 


One null test (N-23) was performed in Triaxial Apparatus 
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TABLE C.9 
SAMPLE VOLUME CHANGE AND WATER VOLUME CHANGE 
DURING NULL TESTS ON SATURATED SAMPLES 


(Controlling Total, Air and Water Pressures) 


a 


Sample Volume 


Change Water Volume Change 


Teste Pressure _. Vo lume ~Etapsed—For-Corresponding 
No. Change Immediate At Elapsed Change Time Effective Stress 


(psi) (%) Time (%) (%) (min) Increase (%) 
N-16 +10 +0.054 +0.063 +0.168 1410 2.93 
N-17. +10 -0.073 -0.066 +0.054 100 -- 
-0.073 -0.069 +0.19 1000 2.93 
-0.073 -0.062 +0.54 4300 2.93 
N-18 -10 0.0 +0.019 +0.28 2760 2293 
N-19 +10 +0.006 0.00 +0.05 1000 2.93 
+0.006 ~ =0.001 +0.33 7180 2.93 
N-20 +10 +0.012 +0.027 +0.088 27/70 2.93 
N-21 +S Os +0.129 -0.057 2870 3.07 
N-22 +10 0.0 +0.110 +0.148 7170 2.14 
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TABLE C-10 
SUMMARY OF NULL TESTS ON UNSATURATED SOILS 
(CONTROLLING TOTAL, AIR AND WATER PRESSURES) 


Test Sample Starting Apparatus Soil Change in Compactive 
No. No. Date Time No. Type Stresses Effort Comments 
(psi) 

ie a. anna ee ak ae ee ee ee nae ee 

N-23 9 July 22/71 9:15 T-1 Kaolin +10 Std 

N-24 10 July 21/71 9:15 OED-177 Kaolin +20 Std Corrected mistake in 
water stress after 150 
min. 

N-25 10 July 22/71 10:25 OED-177 Kaolin +10 Std 

N-26 10 July 30/71 9:42 OED-177 Kaolin -30 Std Total stress momentarily 
dropped 

N-27 VY July 26/71 9:37 OED-179 Kaolin +10 Std Water stress increased 

too much 

N-28 20 Dec. 8/71 9:26 T-2 Kaolin +20 Std Mold #C 

N-29 22 Jan. 11/72 10:27 T-2 Kaolin +10 1/2 Std Leak on air connection 
Mold #3H 

N-20 22 Jan. 17/72 9:25 T-2 Kaolin 

N-31 22 Feb. 1/72 10:30 T-2 Kaolin +10 1/2 Std Mold #3H 

N-32 22 Feb. 2/72 9:42 T-2 Kaolin e110 1/2 Std Mold #3H 

N-33 22 Feb. 3/72 9:05 T-2 Kaolin +10 1/2 Std Mold #3H 

N-34 27 Mar. 3/72 9:50 T-2 Kaolin +10 1/2 Std Holes in membrane 

N-35 31 Mar. 17/72 9:29 T-2 Kaolin +10 1/2 Std Aluminum foil plus two 
membranes 

N-36 31 Mar. 21/72 S205 T-2 Kaolin +10 1/2 Std Aluminum foil plus two 
membranes 

N-37 31 Mar. 23/72 9:16 T-2 Kaolin +10 1/2 Std Aluminum foil plus two 
membranes 

N-38 31 Mar. 27/72 11:20 T-2 Kaolin -10 1/2 Std Aluminum foil plus two 
membranes 

N-39 31 Mar. 29/72 8:40 T-2 Kaolin -10 1/2 Std Aluminum foil plus two 
membranes 

N-40 3] Mar. 30/72 8:57 T-2 Kaolin -10 1/2 Std Aluminum foil plus two 
membranes 

N-4] 3] Apr. 3/72 8:33 T-2 Kaolin -20 1/2 Std Aluminum foil plus two 


membranes 
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C44 

No. 1 on a compacted kaolin sample (Figure C.18). After 5720 minutes, 
the total sample showed a volume increase of 0.029 percent. This is 
approximately equal to the accuracy of the measuring system. The 
water volume change indicator showed some water moving into the sample. 
Presumably this is a reflection of the compression of occluded air 
bubbles. After 5720 minutes, the water volume increase (or compression) 
was 0.05 percent. Applying Boyle's law to the compression of the 
occluded air bubbles shows that the original volume of occluded air 
was approximately 3.62 cc. The air in the sample can theoretically 
be subdivided as 3% occluded air and 97% continuous air. No process 
is evident in the sample apart from the slight compression of occluded 
air. 

Three null tests (N-24), (N-25), (N-26) were performed in 
the Oedometer on sample #10. (Figure C.19 to C.21, inclusive). In 
the first test (N-24), the water pressure was mistakingly increased 
by 21.94 psi rather than 20.00 psi. Water proceeded to enter the 
sample and some swelling of the total sample occurred. The error was 
noticed and corrected at an elapsed time of 150 minutes. Water then 
started to come out of the sample; however, the hysteretic effects 
prevented it from re-establishing its original conditions. 

The water volume increase was 0.17 percent for an excess 
water pressure of 2.1 psi. Extrapolating to a excess water pressure 
of 20 psi gives an indication of the amount of water that could go 
into the sample under such a change. Although the results are not 


those of a satisfactory null test, they do show the type of process 
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involved when the pressure changes are not precise. 

Null test (N-25) show that no total volume change occurred 
following an increase in all pressures. Approximately 0.3 percent 
water had gone into the sample after 100 minutes. Again this is re- 
lated to the compressibility of the water with the occluded air bubbles. 
The slight removal of water from the sample toward the end of the test 
is believed related to air diffusion through the sample. 

At the start of null test (N-26), the load range selector 
was in the wrong position. This resulted in a momentary reduction of 
the total pressure to zero psi. Apparently the high water pressure 
during the rapid alteration of total and air pressures produced dis- 
tress to the ceramic disc. It is believed a fine crack developed in the 
thin, 15 bar ceramic disc at this time. Although the total sample 
showed very little volume change with time, the water volume decrease 
was 1.2 percent after 3 days. Air was evident in the polyethylene 
line below the base of the oedometer. 

Null test (N-27) was performed on kaolin sample #11 in the 
oedometer (Figure C.22). The water pressure was erroneously increased 
by 11.65 psi rather than 10.00 psi throughout the test. The test was 
unsuccessful as a null test but it does depict the magnitude of volume 
changes when there is a 12 percent error in the water pressure. The 
fact that a swelling process is occurring is definitely evident from 
the data. 

The remaining null tests were performed in Triaxial Apparatus 


No. 2. The construction of the new triaxial apparatus was completed 
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in January of 1972 and the null tests were used to obtain continuous ly 
monitored null tests and to check the performance of the equipment. 
Many features of the equipment were original and it was anticipated 
that they could present problems. There were two main problems; the 
time required to increase the cell pressure due to the large volume of 
air in the cell, and leakage of water through the membrane around the 
sample. 

The effect of the above problems is clearly depicted in 
null test (N-28) (Figure C.23). Since the cell pressure does not in- 
crease as quickly as the air pressure in the top cap, the top cap 
lifts off the sample. This is reflected as a volume increase of 
approximately one percent during the early stages of loading. By one 
minute the total volume change was -0.15 percent and remains essentially 
constant for 2 days. There is no evidence of a process occurring in 
the total sample. The water volume change showed a slight amount of 
water entering the sample during the first 10 minutes. Then some water 
appears to be moving out of the sample. Flushing the base plate at 
100 minutes showed that the apparent water volume decrease was due to 
diffused air. However, it should be noted that on this and subsequent 
flushings of the base, the water volume change indicated some water 
actually moving into the sample. This test and subsequent tests 
Showed that water was evaporating through the rubber membrane. Initially 
it was anticipated that the water leakage would be insignificant. How- 
ever, the water losses are substantial when dealing with dry, unsatu- 


rated soils. 
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Null tests (N-29) and (N-30) did not have the air connection 
on the top of the cap properly secured (Figures C.24 and C.25). There 
was some leakage and it is assumed that the air pressure remained 
relatively constant at a pressure somewhere between the air and cell 
pressure. The connection was tightened on February 1, 1972. The cell 
pressure and the air pressure valves were opened simultaneously. In 
null test (N-29) there was some lifting of the load cap which returned 
to -0.0] percent after one minute. The test was continued for 6 days 
and the sample underwent a volume decrease of 0.63 percent. The water 
volume change curve shows a continuous inflow of water. After 6 days, 
0.65 percent water had evaporated through the rubber membrane. If the 
moisture was kept in the triaxial cell, the air would approach 100 
relative humidity and no further evaporation should take place. How- 
ever, this does not appear to be the case. Independent tests on lucite 
have shown that a change in relative humidity can provide the driving 
force for moisture to move through lucite (Appendix B). The permeability 
of rubber and lucite to water are of a similar order of magnitude and 
it is doubtful if equilibrium could ever be established. 

Null test (N-30) shows similar results to test (N-29). The 
test was only continued for one day. The total volume decreased 
slightly and the water volume depicted some evaporation of moisture 
through the membrane. Since the air pressure is always operated as an 
open system, some leakage of air does not affect the results. 

Null tests (N-31), (N-32) and (N-33) show the results of an 


attempt to open the cell pressure at various times preceeding the 
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opening of the air and water pressure (Figures C.26, C.27 and C.28). 
In all cases, the application of part of the total pressure produced 
an immediate compression of 0.2 to 0.3 percent. After approximately 
10 minutes, the total volume became constant and remained so throughout 
the null test. All three tests showed a tendency for water loss through 
the rubber membrane. 
Null test (N-34) showed similar behavior to the last three 
null tests (Figure C.29). This was the same latex membrane as was 
used for samples #22 and #27. After null test (N-34), the membrane was . 
removed from the sample and carefully examined. The membrane was some- 
what deteriorated and several small holes appeared after placing slight 
strain on the membrane. The latex membranes had been subjected to 
moisture on one side and air on the other for approximately two months. 
The problem of leakage through the membrane was overcome by 
use of a composite membrane involving the latex membranes and a slotted 
aluminum foil. First, a rubber membrane is placed around the sample. 
It is covered with a film of vacuum grease. Then two layers of slotted 
aluminum foil (the same height as the sample) are wrapped around the 
sample. Vacuum grease is placed between the two layers of aluminum 
foil and on the outside of the aluminum foil. O-rings were used to 
seal the top and bottom of the sample. There was some concern that 
ae compressibility of the composite membrane would affect the lateral 
displacement readings. This has proven to not be the case. It appears 


that the aluminum foil provides the prime cutoff for moisture migration. 
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SAMPLE NO. 27 


ON 


TEST (N-34) 


NULL 


FIGURE C.29 
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The problem of time for cell pressure equilization was over- 
come by uSing a surge tank with a volume approximately equal to the air 
volume in the triaxial cell. If the cel] pressure is to be raised by 
10 psi, the pressure in the surge tank is raised by 20 psi. Upon open- 
ing the valve from the surge tank to the triaxial cell, the cell pressure 
is increased by 10 psi in approximately one second. (The pipe from the 
cell to the surge tank is 3/8 inches in diameter). 

The last set of null tests [(N-35) to (N-41), inclusive] were 
performed with the equipment problems essentially solved. The respec- 
tive results are shown on Figures C.30 to C.33, inclusive. 

The first three null tests (N-35), (N-36) and (N-37) were 
performed with all pressures being increased by 10 psi. In null test 
(N-35), the cell pressure increase was applied using the surge tank. 
The immediate total volume change was a volume decrease of approxi- 
mately 0.015 percent. The volume then increased slightly and re- 
mained essentially constant until 1900 minutes when the voltage power 
supply for the LVDT's was shut off for a few minutes. Turning the 
voltage supply back on did not produce the same LVDT readings. The 
LVDT gauges are being used to a resolution beyond which the manufacturers 
guarantee. It is not definitely known whether the abrupt total volume 
change was due to disturbance of the triaxial cell or the limit of 
accuracy of the gauges. The increase in water volume at subsequent 
readings might indicate disturbance. 

The total and air pressure were gradually increased by 10 


Psi over a period of 1-1/2 minutes at the start of null test (N-36). 
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C66 
During this period the water pressure valve remained closed. The re- 
sults show essentially no total volume change during the application 
of the pressures. This technique does not make use of the surge tank. 
Both the total and water volumes remained constant for an elapsed 
time of two days. 

The surge tank was used for subsequent tests. Null test 
(N-37) shows the total sample remaining at a constant volume for six 
days. Some water appears to be coming out of the sample after one 
day. However, when combining the last seven null tests, there is a 
cancelling effect. It is doubtful if the apparent water volume change 
can be attributed to leakage through the membrane. Figure C.34 shows 
null test (N-37) with the volume changes amplified ten times. There 
is a correspondence between the total and water volume change ath 
the volume changes magnified in the water phase. Although the results 
are approaching the resolution of all measuring systems, their simi- 
larity of behavior would indicate the effect of a "real" variable 
such as temperature. In any case, the volume changes are extremely 
small; in the order of one part in ten thousand. 

The unloading null tests (N-38), (N-39), (N-40) and (N-41) 
also show essentially no tendency for total or water volume change 
with time. The largest volume changes were experienced in null test 
(N-41) when the pressures were reduced by 20 psi. The large pressure 
change increment appears to cause some disturbance to the soil structure. 
Null test (N-40) was replotted (Figure C.35) with the volume changes 


expanded ten times. The correspondence between the total and water 
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C69 
volume change is evident for the first day. Then it appears to be more 
random. The results of the null tests show that no definite processes 
are occurring. The measured volume changes are essentially random. 

It is difficult to compare the experimentally measured volume 
volume changes with those that would result if the stress state vari- 
ables were changed by a corresponding amount. However, an attempt has 
been made in the summary of volume changes (Table C.13). The first 
estimated volume change is an approximation of the total volume change 
if the (o-u,) stress state variable were increased by an amount equal 
to the stress component change. The estimate is based on the initial 
water content and volume changes measured on the kaolin samples. The 
second estimate is an approximation of the percent water volume change 
for a decrease in suction equal to the stress component change. The 
estimate is based on the degree of saturation and water volume changes 
measured on kaolin samples. 

The net total volume change for nul] tests (N-35), (N-36) 
and (N-37) is -0.008 percent. This is only 0.3 percent of the estimated 
total volume change for a corresponding (o-u ) increase. The water 
volume change is 0.145 percent or 2.5 percent of that anticipated 
from a corresponding suction decrease. 

Since the volume changes on sample #3] appear to be random 
in nature, the mean and standard deviation for each null test were 
computed (Table C.14). The random nature of behavior is also dis- 
cernible from amplified plots of water content, void ratio and degree 


of saturation (Figure C.36). The water volume change and the water 
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TABLE C.13 
SAMPLE VOLUME CHANGE AND WATER VOLUME CHANGE 
DURING NULL TESTS ON UNSATURATED SOILS 


(Controlling Total, Air and Water Pressures) 


Sample Volume Estimated Volume Change for 


Change pec Corresponding Change in 

Test Pressure : At Elapsed Elapsed o-u u_-u 
Wer Change Immediate Tine Change ae a -W 

(psi) (2) (2) (2) (min) (4%) (%) 
N-23 +10 0.0 -0.03 -0.05 5800 0.6 23 
N-24 +20 +0.04 +0.02 -0.07 1500 1.4 0.8 
N-25 +10 +0.01 0.0 -0.02 1650 C7 0.4 
N-26 -30 -0.25 -0.20 -- 4300 Ze 1.2 
N-27 +10 0.0 -0.10 -0.50 1880 0.8 0.5 
N-28 +20 =-0.15 -0.15 -0.1] 1900 1&6 1.8 
N-29 +10 =-0.015 +0.012 -0.642 8700 1.0 2 
N-30 +10 ==0.005 +0.012 -0.072 1350 1.0 122 
N-31 +10 -- +0.12 -0.060 1380 1a 0.8 
N-32 +10 -- +0.17 -0.045 1390 1.1 0.8 
N-33 +10 -- 40.15 -0.020 410 1] 0.8 
N-34 +10 =+0.055 +0.060 -0.105 4350 1.0 25 
N-35 +10 +0.015 +0.033 -0.060 5800 0.9 1.9 
N-36 +10 +0.010 -0.020 -0.035 2800 0.9 1.9 
N-37 +10 0.0 -0.005 -0.050 5800 0.9 1.9 
N-38 -10 -0.015 +0.002 +0.010 2700 0.9 1.9 
N-39 -10 -0.010 +0.005 -0.005 1500 0.9 1.9 
N-40 -10 -0.007 -0.005 +0.015 5800 0.9 ke 

1.8 : 


N-41 -20 -0.030 +0.007 -0.040 2900 
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Cys 
content changes are not completely free of external influences since 
every measurement of water volume is not corrected for air diffusion. 
However, accurately applying the correction is impossible. The degree 
of saturation measurements are also affected. As well, any leakage 
of water through the membrane cannot be accounted for. 

The total volume change measurements consistently show 
standard deviation values several times greater than the mean volume 
change. The indication is that a truly null behavior is being ob- 
served. The standard deviations are generally slightly less than 
the mean for the water volume change measurements. The increased 
standard deviation is related to the inability to correct all water 
volume change readings. The means and standard deviations are pre- 
sented graphically for the null tests on sample #31 in Figure C.37. 
The standard deviations of the total volume changes completely masks 
any process that may be taking place. The water volume changes indi- 
cate a slight upward (increase) trend but definitely no consistent 
evidence of a process. 

The average standard deviation for water content during 
a null test 0.006 percent. The void ratio, which corresponds to 
the total volume change measurements, has a standard deviation of 
0.00009. The standard deviation for the degree of saturation measure- 
ments is in the order of 0.0]. The results are graphically presented 
in Figure C.38. 

The experimental verification of the proposed stress state 


variables is well within the accuracy of engineering practice. The 
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accuracy of the more precise null tests show that the porposed stress 
state variables are verified to within at least one part in ten 


thousand. This is well within the accuracy obtained for the null tests 


on saturated samples. 
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DATA REDUCTION 


D-1 General 

The amount of data accumulated when testing unsaturated 
soils is substantially more than when testing saturated soils. For 
example, in the triaxial tests there are 4 total volume change readings, 
4 pressure transducer readings and the water and diffused air volume 
readings for every time under consideration. All volume-weight soil 
properties can be computed at each time. The voluminous data necess- 
itates the use of a computer for a complete analysis. 

Appendix D presents the computer programs written to analyse 
the data from the triaxial and oedometer tests. The program for Tri- 
axial Apparatus No. 2 is presented in detail. The other programs are 
similar and can be understood with the assistance of a few comments 
on differing aspects. Similar variable names are used in all pro- 
grams. 

The coding form was designed to apply to various types of 
tests than can be performed on an unsaturated soil. The program con- 
tains a large number of decision statements in order to always execute 
only the available data. The write out is designed to be as complete 


as possible. 


D-2 Flow Charts 


The computer program for Triaxial Apparatus No. 2 consists 
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D2 
of a MAIN program and three subroutines. Subroutine PRESS calculates 
the total, water and air pressures, and the stress state variables. 
It also writes them out. The subroutine contains the calibrations 
for the pressure transducers. The subroutine ETIME calculates the 
elapsed time from the start of the test or from any other designated 
time. The later case is stipulated by putting a 1 in column 1 and 
the elapsed time is referred to as the LOCAL elapsed time. Generally 
this coincides with changes in pressure applied to the sample. Sub- 
routine PAG checks the line count to ensure that the designated page 
length has not been exceeded. If it has, a new page is started with 
the appropriate heading and page number. 

Figure D.1 shows a brief flow-chart of the MAIN program. 
All decision statements, checks for a new page and checks for comment 
cards have been omitted from the flow chart. The program is basically 
one D®@ L@MP that reduces all the data on each card. The program 
first computes the elapsed time and pressures. Then the jateral and 
vertical volume changes of the total sample are calculated. If a 
reading was made on the amount of diffused air, the appropriate cor- 
rection is applied to the water volume change reading. The volume 
changes in each phase from the last pressure change as well as from 
the start of the test are computed. Finally, the volume-weight soil 


properties are calculated. 
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D3 


START 


1. READ HEADING CARD, COMMENT CARD, 
AND INITIAL VOLUME-WEIGHT CARD 


2. READ FIRST DATA CARD 

3. INITIALIZE VARIABLES 

4. READ REMAINING DATA CARDS 

5. COMPUTE LVDT DISPLACEMENT READINGS 


6. CALL ETIME TO COMPUTE ELAPSED 
TIMES 
7. WRITE INPUT DATA 


8. CALL PRESS TO COMPUTE AND WRITE 
PRESSURES AND STRESS STATE VARIABLES 


9, COMPUTE LATERAL AND VERTICAL 
VOLUME CHANGES ON TOTAL SAMPLE 


10. COMPUTE WATER VOLUME CHANGES 
FROM BURRET READINGS 


11. APPLY CORRECTION FOR DIFFUSED 
AIR IF READINGS ARE TAKEN 


12. WRITE DIFFUSED AIR VOLUME AND 
CORRECTION 
13. WRITE TOTAL SAMPLE VOLUME CHANGES 


14. COMPUTE CHANGES IN AIR VOLUME 
15. WRITE VOLUME CHANGES IN AIR 
AND WATER PHASES 
16. COMPUTE VOLUME-WEIGHT SOIL PROPERTIES 


17. WRITE THE VOLUMES OF EACH PHASE 
AND THE VOLUME-WEIGHT SOIL 
PROPERTIES 





FIGURE D.! DATA REDUCTION FLOW CHART FOR TRIAXIAL APPARATUS NO. 2 
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D-3 Description of Variable Names 


The variable names used in the Fortran Source Program for 


Triaxial Apparatus No. 2 are listed below. 


ADIFF 


AIR 


AIRP 
AIRSTR 


BACKP 


BALCOR 


Project number (20 characters) 

Measured volume of diffused air at the back pressure in 
the diffused air volume indicator (cc) 

Measured volume of diffused air at the pressure of the 
water in the base (cc) 

Air pressure (psi) 

Air pressure (mv) 

Percent air volume change since the last pressure 
change (%) 

Air volume change from the start of the test (cc) 

Air volume change since last pressure change (cc) 
Original cross-sectional area of sample (sq.cm.) 
Cross-sectional area of the sample at any time (sq.cm.) 
Total back pressure on the air in the diffused air 
volume indicator (psi) 

Sample number (10 characters) 

Back pressure on the water measured by the transducer 
on the board (psi) 

Water back pressure measured by the transducer on the: 
board (mv) 

Lateral LVDT correction reading (in both volts and centi- 


meters ) 
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CAPCQR 


CATBAL 
CATCAP 
CELL 
CELLP 
COM 
CONVER 
DELDIA 


DIA] 


DIFA 


DIFF 


DIFO 


DIFPR 


DISS@OL 
Dd 


D5 
Difference between the total and air pressures (psi) 
Comments (80 characters) 
Conversion of the burret reading in the diffused air 
volume indicator to centimeters of water (i.e. cm of 
water per cc on burret) 
Vertical LVDT correction reading (in both volts and 
centimeters) 
Lateral LVDT reading (in both volts and centimeters) 
Vertical LVDT reading (in both volts and centimeters) 
Cell or total pressure (psi) 
Cell or total pressure (mv) 
Comments (80 characters) 
Conversion factor to change centimeters of water to psi 
Change in diameter of the sample from the start of the 
test (cm) 
Diameter of the sample at any time (cm) 
Diffused air volume indicator reading at any time (cc) 
Diffused air volume indicator reading subsequent to 
flushing the base (cc) 
Diffused air volume indicator reading prior to flushing 
the base (cc) | 
Back pressure applied to the diffused air volume change 
indicator by the air pressure regulator (psi) 
Approximate volume of dissolved air (cc) 


Original diameter of the sample (cm) 


: 3&6 
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DOP 


DRYDEN 


EFFECT 


ELEX 


EO 
EXHEAD 


FP@RE 


FSLAT 


FSTVOL 


FSVERT 


FTV@L 


FVLAT 


FVVERT 


GS 


Diameter of the sample at the time of the last pressure 
change (cm) 

Dry density (PCF) 

Difference between the total and water pressures (psi) 
Burret reading for the level of the exit tube in the 
diffused air volume change indicator (cc) 

Original void ratio 

Distance from the top of the exit tube to the water 
level in the diffused air volume indicator 

Pore water pressure at the time of the last pressure 
change (psi) 

Percent lateral volumé change at the time of the last 
pressure change (%) 

Percent total volume change at the time of the last 
pressure change (%) 

Percent vertical volume change at the time of the last 
pressure change (%) 

Total volume change at the time of the last pressure 
change (cc) 

Lateral volume change at the time of the last pressure 
change (cc) 

Vertical volume change at the time of the last pressure 
change (cc) 

Specific gravity of the soil solids 


Height of the sample at any time (cm) 
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Hd 
H@P 


IDAY1] 
IDAY2 
IDAYX 
IHOURI 
TH@UR2Z 
TH@URX 
IL 

IP 
ISEC] 
TSEC] 
ISECX 
TYEARI 
TYEARX 
LAI 


LAZ 


LATCAL 


LSLAT 


Original height of the sample (cm) 

Height of the sample at the time of the last pressure 
change (cm) 

Day of the start of the test 

Day at the time of the last pressure change 

Day at the time of any reading 

Hour of the start of the test 

Hour at the time of the last pressure change 

Hour at the time of any reading 

Line number 

Page number 

Second of the start of the test 

Second at the time of the last pressure change 

Second at the time of any reading 

Year of the start of the test 

Year at the time of any reading 

Short lever arm (pivot to bearing pad) on the lateral 
strain indicator 

Long lever arm (pivot to LVDT wire) on the lateral 
strain indicator 

Lateral strain indicator calibration factor (converts 
the LVDT displacement to a lateral displacement of the 
sample) 

Percent lateral volume change from the time of the last 


pressure change (%) 
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LSTV@L 


LSVERT 


LSVWAT 


LTVOL 


LVLAT 


LVVERT 


MIN 


MIN2 


MINX 


MONTH] 


MONTH2 


MONTHX 


@BALC 


@CAPC 


PORE 


P@RCEP 
POROS 


Percent total volume change from the time of the last 
pressure change (%) 

Percent vertical volume change from the time of the 

last pressure change (%) 

Percent water volume change from the time of the last 
pressure change (%) 

Total volume change from the time of the last pressure 
change (cc) 

Lateral volume change from the time of the last pressure 
change (cc) 

Vertical volume change from the time of the last pressure 
change (cc) 

Minute of the start of the test 

Minute at the time of the last pressure change 

Minute at the time of any reading 

Month of the start of the test 

Month at the time of the last pressure change 

Month at the time of any reading 

Original lateral LVDT correction reading (in both volts 
and centimeters ) 

Original vertical LVDT correction reading (in both volts 


and centimeters) 


Pore water pressure measured at the base of the cell (psi) 


Pore water pressure measured at the base of the cell (mv) 


Porosity (%) 
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PVOLCH 


REG 


RSAT 


RVV 


SAT 


SIGN 


SLAT 


STP 


STVOL 


SUCT 
SVERT 


SVOLW 


SVWAT 


Water volume change at the time of the last pressure 
change (cc) 
Back pressure applied to the diffused air volume change 
indicator (mv) 
Degree of saturation at the time of the last pressure 
change (4%) 
Volume of voids at the time of the last pressure 
change (cc) 
Degree of saturation (4%) 
Designation for the direction of flow of water 
- 1.0 signifies water flowing out of sample 

1.0 signifies water flowing into sample 
Lateral deformation of the sample from the start of the 
test (%) 
Measured volume of diffused air at standard temperature 
and pressure (cc) 
Total deformation of the sample from the start of the 
test (%) 
Difference between the air and water pressures (psi) 
Vertical deformation of the sample from the start of 
the test (%) 
Sum of the water volume changes between changes in di- 
rection of flow or resetting of the burret reading 
Total water volume change since the last pressure 


change (cc) 
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SWAT - Total water volume change from the start of the test (cc) 

TIME] - Elapsed time from the start of the test (min) 

TIME2 - Elapsed time from the last pressure change (min) 

TOTDEN - Total unit weight (PCF) 

TRIAX - Triaxial cell number (10 characters) 

TV@L - Total volume change of the sample from the start of the 
test (cc) 

V - Volume of the sample at any time (cc) 

VAIR - Volume of air (free) at any time (cc) 

VERT - Change in height from the start of the test (cm) 

Vd - Original volume of the sample (cc) 

VOLL - Lateral volume change of the sample from the start of 
the test (cc) (Same as VLAT) 

V@LV - Vertical volume change of the sample from the start 
of the test (cc) (Same as VVERT) 

VOP - Volume of the sample at the time of the last pressure 
change (cc) 

VS - Volume of the soil solids (cc) 

VV - Volume of voids at any time (cc) 

VWAT - Volume of water at the start of the test (cc) 

VWATER - Volume of water at any time (cc) 

WC - Water content at any time (%) 


WS - Dry weight of sample (gms) 
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D1] 
D-4 Fortran Source Statement Listings 
The following pages present the FORTRAN source statement 
listings for Triaxial Apparatus No. 2, Triaxial Apparatus No. 1 and 


the one-dimensional Oedometers, respectively. 
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REARS RUATCAL sLSVWATs LT VOL sLSTVGLsLVLAT sLVVERT sLSLAT sESVERTs UC SWAT 


oj~ 
P=0 


TL=40 

PT=S214159 
CA2=1260612 
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re a we ie wae ee ee me ae ee ee re ae se ce te re ee ee ee ee ee eet em ee 


ee a me rs ee re rs we ee ee we me a we ee ew ee 


ee mn ms ee ay ee ee ne me ee me ee eer 


cee me ee me we es ee ee re we ee ee me ee 


a ee ek es ee ne we et ee te ee 


an ae ee ee ae ee ae ee se es es we es we ee ee er re et ee 


is ee ie meee ae em ae ee en ee ee me 


oc ~ ORIGINAL CIAMETER OF THE SAMPLE (CM) 
10 - ORIGINAL KEIGHT. OF. THE«SAMPLE (CM) 
GS - SPEGIFIC GRAVALY., OF. THE.SOIL,SOLIOS 
wS - DRY WEIGHT GF THE TOTAL SAMPLE (GMS) 
wo = ORIGINAL WATER CONTENT (%) 


READ (S553) DOsHOsGSeWSeWC 


AO=PI*00%00/4. 
VO=HO*AO 

VS=wS/GS 

VV=VO-VS 

EO=VV/VS 
POROS=EO/(1<+EC) #1006 
SAT=WC*GS/EO 

DRY DEN=GS#6244/(1 «+ £0) 


TOTCEN=(GS+SAT#EC/1 00. ) #62047 (1 e+ EO) 


VWATH=SAT*VV/1006 
VALR=VV-VAT 
DCISSOL=0 e024 VWAT 

CALL PAG( IL + IP sAsBe TRIAXsC) 
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WRITE (656314) 


IL=IL+1 
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WRITEC€C6s1020) GSskS 


IL=1t+1 


ELEX=10.605 


CALTIEH15e23E/40 
CONVER=62¢4/( 20S4¥*120%*12e*%1 20 ) 


H =HO 
HOP=H 
OIAL=00 
COP=00 
AREAI=A 
V=VD 
VOP=V 
CELL=O06 
BACK=0-¢ 
AIR=06-0 
PORE=0.- 
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IYEARI=1972 
IYEARX=1972 
GO TO 113 
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SHOULO ELAPSED TIME AND WATER VOLUME CHANGE CR PORE FRESSURE 

REACTICN BE COMPUTED FROM THIS TIME. 
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SIGNIFIES A CGMMENT STATEMENT ON THE NEXT CARD 
STGNIFIES THAT THIS CARD CONTAINS THE FINA DIPEUsSeED 


AIR VOLUME. 


QUESTIONS REGARDING TKFE BURRETe 

TERVAGKER GCING INTO THE SAMPEE™ Ci) 

GR COMING CUT GF THE SAMPLE C2) 

WILL RETAIN PREVIOUS (102) IF ZERO OR BLANK IS RECORDED. 

1S THERE A REVERSAL IN WATER FLOW, CORRECTION IN BURRET 
READING OR A RESETTING CF THE BURRET? 
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MONTHI1 
IDAY1 
IHOURI 
MINI 
PSEC? 
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SECOND 
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OP ee ee ee ee SO ee ee 


SS 





SATA CAND ABs F1I39+ [D2 oe LMIM se LAVOMTs LYASE ¢ LHTMOM 510 
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CELLP - CELL PRESSURE (MV) 

BACKP - WATER OACK PRESSURE MEASURED ON THE BOARD (MV) 
ALRP ~ AIR PRESSURE (MV) 

POREP ~ PORE WATER PRESSURE MEASURED ON THE CELL (MV) 
VOLCH —- WATER VOLUME CHANGE INDICATOR READING (CC) 
CATGAL “= VERTICAL LVCT READING (VOLTS) 


OBAEC —=—GORREEGCTIGN FOR VERTICAL LVOlT READING (VOETS) 


GCATCArP LA ERA EVOT READING (VGETS) 
OCAPC [CGC loh FOR TAGERA LVDis READING CVOEm Ss) 
OLFA - DIFFUSED AYR VOLUME CHANGE INDICATOR READING (CC) 


REG - BACKPRESSURE ON DIFFUSED AIR VOLUME INDICATOR (MV) 
MeGnorerces) GO 1G Liz : 
PeCOUPA«G1.0-O0+AKD~IG1-NE<S) DIFO=DIFA 

IFC DIFASGT eGeOecAhKDOoTG1eEQ28) OILFF=DIFA 

IF(CCATBALcEQe0060) GO TO 6OL3 

CAT BAL=(0«501894-0.03597657 CXCATBAL ) ¥LATCAL 

CAT CAP=(0 «49980440. 02ESO3*CATCAP) #2654 

PaGOSAlLGeEOQc0 «0 )) GO WOSoCOS 

OBALC =(0.50189 4—-0e03¢67657 0*XOBALC) *LATCAL 

OCAPC =(0.4998044-06- OSZESO3*OCAPC )¥*2054 
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INITIALIZE VARIABLES 


oe RS Se ee aN a a a a a) aa a 


' 


HoaGnGiet Gel) ErORE=PORE 
TFCTQ1¢EQc1) RVV=VV 

HE CIGQ1.EG<1i) RSAT=H=SAT 
MONTH2=MONTHI 
MONTHX=HMONTHI 
IDAY2=IDAY1 

IDAYX=ICAY1 : : 
ITHOUR2=I1HCURI 
IHOURX=IHOURI 

MIN2=KINI 

MINX=MINI 

Moeee-iSeCL 
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TIMEI=0-0 a 
TIHE2=90-0 

BALL 1=CAT BAL 
CAPI=CATCAP 
BALCOR=OGALC 
CAPCOR=OCAPC 

SLAT=0-0 

VOLL=0-0 

SVERT=0e0 

VOLV=0.0 

TVOL=0-¢0 


. STVOL=0.-0 


SWAT=020 

SVWAT=0.0 

LCSVWAT=0-0 

LSWAT=0.0 5 

ULSTVOL=0-0 : 
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TAZ=TAGA & Pt 








DI5 


LTVOL=0.0 
ENIOATS0.0 
LVVERT=0-0 
ESHAT=0 20 
CSVERT=0.0 
FSVERT=0.0 
FSLAT=0.0 
FVVERT=0.0 
FVLAT=0.0 
FSTVOL=0.0 
EFTVOL=0-0 
PVOLCH=VOLCH 
Peeecr* 1S=1+10 

201 SVOLW(1S)=0.0 
Ti=4 
SO 10-6010 3 


$e XC ROR IO SCI RISO IOIOR OL OI a fakes i tk CK ka afc ak aia ke ffi 2 oe ake aR ai a ak ake ak Re Be aK a a ak ke 3 
O00 €00P TO READ ALL CARDS AND REDUCE DATA 
SR KAR RPK ACR ORO FOR a EE Ga RIO 06 a RR ae a a a aR a 2 2 a 2 he a a ee a a a a Re a He a a ake aie ee 


OLOLOnGa 


604 DO 105 I=1,1000 
REAOD(S:7) 1Q1+MONTHX+ IDAYXs IHCURX+MINXs ISECX » CELLP s BACKPs AIRPs 
1POREPsVOLCH»s 1G2,I1Q3sCATEALs BALCORs CATCAP 2 CAPCORs DIF As REG 
TeGiGrecoes) GO TO 109 
TECOIC As GTcOcOeANECs 1Q16NE<¢8) DIFO=DIFA 
TECULEAs Gl «02 0eANDe1 Ci <E0-8) DIFF=DIFA 
IF (CATEALeEQe00¢0) GO TOC 6014 


COMPUTE LVOT DISPLACEMENT READINGS 


Oi @uG 


CATEAL= (0 0501894-0-0397657 C¥CATBAL ) *¥LATCAL 

CATCAP=(0.496980440< 03E503*CATCAP )*2 054 
6014 IF(GALCOR-EQ-0-0) GO TC 6010 

BAL COR=(0 50159 4-04 C35 7657 OXBALCOR) LAT CAL 

CAPCOR=(024596804406 CZESOZ¥*CAPCOR )¥*2054 
6010 IF(10Q1eEGQe1) FOP=H 

IFC IQ1-EQei) VOP=V 

TPCTIQ1-FEQ-1?) COR=D TAL 

IF CIHOURX<«EQ-O0eANDeMINXeEQe0) GO TO 106 

CALL PAG(ILeIPeAs Be tT RIAXsC) 
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CALL SUBRCUTINE TO COMPUTE ELAPSED TIME 


en ca i a ae a ep es a an ee ee me we ee ee tee 
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CALL ETIMECITYEAR1 s MCONTHL » IDAYI sITHOURL» MINIs ISECIL +I YEARX»s MONTHXs 
LIDAY%s IHOURX + MINX eISECXs TIME] ) 

101 G1 <EQ<0 -ORs,1G1 «EO.8) GO 10 100 

MONTH2=MONTHX 

IDAY2=IDAYX 

JHOUR2=IHOURX 

MIN2=MINX 


dig 
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104 


203 


856 
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IFC 102.EQ.0) GO TO E05 


WATER GOING INTO SAMPLE. 
IFC JQ2cEQe1) SIGN=~-1.0 


WATER COMING CUT CF SAMPLE. 
TeCreaceeQec) SIGN= 1.0 

TEU TOleEOQsOcORe 1G1e6Q-8) GO TO 104 
Il=1 

SVWAT=0-09 

PVOLCH=VOLCH 

GOV Tro. 203 

SVWAT=SVWAT-SVOLWC(IT) 
SWAT=SWAT-SVOLWCIT) 

IFC 1Q@3-eEQ<0) GO TG 203 
SVWAT=SVBWAT+SVOLWCTI}D 
SWAT=SWAT+SVOLWCIT) 

PVOLCH=VOLCH 

TI=1Li+4} 
SVOLWCII)=ABS(PVOLCH-VOLCH) *SIGN 
SWAT=SWAT+SVOLWCIT) 
SVHAT=SVWATH+SVOLW (IT) 
LSVWATH=SVVAT/SVGP*1006 


eee ae ede Se eines ei em On a one ane Sos we ee ee ae Oe SE SE SS 


PRCLOLeNE«S) GO TG 163 
EXHEAD=(ELEX—-(OIFOtDIFF)/2¢)*CALIB 
ADIF=O0lFO0-OIFF 

DIFPR=2.48E4*REGIT0O605S 
ATM=DIFPR4+14¢ 74+ EXHEAD*CONVER 
IF(POREsLE*«0.0) PORE=BACK 

AOIFF= AOIF*( ATM) / (PORE+14¢7) 
STP=ADIF*¢ ATM) /14e ¢ 
TECSIGN-«G1«0-0) GO TO E56 
SWAT=SWAT-ADIFF 

SVWAT=SVWAT—-ACIFF 

GOO. 25:6 

SWAT=SWAT-ADIFF 

SVWAT=SVWAT-ACIFF 
LSVWAT=SVKHAT/VOP%*1006 


Cd ee th fee oe ee ee alt ie ah <a Sn OS IS SS SSS 
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WRITE( 6.864) CIFCsDIFFsADIFsATM eSTP 
IL=IL+1 

CALL PAG(ILeIP»AsBeTRIAXsC) 
WRITE(62421) ADIFF 

IL=IL+3 

CONTINUE 
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COMPUTE OVERALL AND LOCAL SAMPLE VOLUME CHANGES 
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FTVOL=TVOL 
FSTVOL=STVOL 
FVLATHVLAT 
FYVVERT=H=VVERT 
FSLAT=SLAT 
FSVERT=SVERT 

it Oean vOL— rir VO 
Pest Ole Si Olen St VOI" 
PVA SViCA tt VAT 
LVVERT=VVERT-FVVERT 
LSLAT=SLAT-FSLAT 
LEVERT=SVERT-FSVERT 


WRITE TOTAL SAMPLE VOLUME CHANGES 


WRITE(6+41) VLAT sVVERTs TVOLsLVLATsLVVERT sLTVOL 
WRITE(6:51) SLAT + SVERT sSTVOL eLSLATs LSVERTsLSTVOL 
IL=1IL+2 

CALL PAGCIL «IP sAsBsTRIAX0C) 

Te CVOL CH. CO «000)2 GO TG 175 
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AIRV=TVOL-SWAT 


* AIRVL=LTVOL-SVWAT 


AIRSTR=LSTVOL-LSVWAT 


WRITE VOLUME CHAKGES IN AIR AND WATER PHASES 


WRITE (61629) AIRVsAIRVL+AIRSTR 
WRITE(6519) SWAT» SVWAT sLSVWAT 
IL=IL+2 

CALL PAGCILeIFr As Bo TRIAXC) 
IFCCATBAL<«EQe0-0) GO TC 105 
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COMPUTATION CF VOLUME-wWEIGHT SOIL PROPERTIES BASED ON THE TOTAL ~ 


AND WATER VOLUIE MEASUREMENTS. 


VV=V-VS 
E=VV/VS 


eles ee nen ner ad nee Ss ab wees Se Oe ere Se ee 
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POROS=E/S (Let EV *1L006 
VWATER=VYAT—SWAT 

VAYR=VV-VWATER 

DISSOL=0 e02*VWATER 
WC=VWATERSWS¥1O0 © 

SATHWC#GS/E 

DRYDEN=GS*#62.4/ (Let E) 
TOTDEN=(GS*tSATHES1LO06 )*#6204/(1e+E) 


WRITE THE VOLUME OF EACH PHASE AND THE VOLUME-WEIGHT SOQIL PROPERTIES 
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WRITE(635) DIALsHsAREALeVeVSs Ve VHATERs VAIRs DISSOL 


IL=IL+3 

WRITE(6s6) WCsE+FCROSsSATs CRYDENsTOTDEN 
hy Ma) 6 BS 8 

CALL FAG(CILsIPsAsBeTRIAXvC), - . 

LGO, (TOL105 


ee ee ee were wes ee ee ee ee ee eee ee ww 


READ AND WRITE CCMMENT CARDS 


READ(Ss10) CGM 


WRITEC6*¢11) COM 

IL=IL+1 

CALL PAG(ILeIPsAsBsTRIAXeC) 
CONTINUE 

WRIVECEsi 021) B 

STOP 
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FORMAT (S5A4e¢2A4sA2s2A4sA2) 

FORMAT (20A4) we 

FORMAT(SF10¢0) ' 

FORMAT (3X9 8 ern nr we wn ee ee a ne WIESE 
1*101 ~- SHOULD ELAPSED TIME AND WATER VCLUME CHANGE CR PORE PRESSUR 
2Et/3%e8 REACTIGN BE CCMFUTED FROM THIS TIME. */3Xs 
ay TeGSLGNrTeles | Ves 73X60 
4° CeESIGN IC Te S ko t/3Xs 
ae 6” SIGNIFIES A_CCMMENT STATEMENT Ob THE NEXT CARDe %e/3Xe 
fait 8 SIGNIFIES THAT THIS CARO CONTAINS THE FINAL OIFFUSED AIR 
5 VOLUME READING!/3X>o : 
6*QUESTIGNS REGARDING THE EURRET. 1/3X2 
7*102 -— IS WATER -GGING INTO THE SAMPLE (1) *,/3Xs 
8° OR COMING CUT GF THE SAMPLE (2) #./3Xe 


9*WILL RETAIN PREVIOUS (102) IF ZERC OR BLANK IS RECORDED e's/3X»s 
1*1Q3 — IS THERE A REVERSAL IN WATER FLOWs CORRECTION IN EURRET*/3X 


ee! READING OR A RESETTING OF THE BURRET? y~/ 3X 
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AXYAVOL « WATER "= Vs FB 026 4X0 (VOL (WER CFREE i Hints FBe2e! (DISSOLVE 
1D) eaters. 2. Macecye) 
IL=IL+3 
WRITE(6:6) WC+EOsPORCSs SATs DRYDEN» TOTDEN 
FORMAT CIXs SW /C = *sFBs3e* 6% E =a! aGs SedXs'N = "sf ToS 
1! x SATURATION = ‘eF&7eS3e" % ORM GEN. = T.F7s2. * PCF TOTA 
2L DENe = 'eF7%e2e* PCE") 
IL=IU 41 
=HO 
DIA1=DO : s 
AREAL =A0 
V=VO 
CELL=0-0 
BACK=0 0 
AIR=00 : 
PORE=000 
IYEAR1=1971 
IYEARX=1971 
GOeTO-1r3 
REAC ADDITIONAL COMMENT CARDS 
-REAC(5s10) CCW a 
WRITE(6s11) CCM 
ILEIL+2 


a i apes sip ae a a aS a ae Se a ait a SO SE SS a OO ee we ee ee ee 


READ(Ss7) IC1+MCATH1s ICDAY1s IHOURI1+MIN1+,ISEC1+sCELLPsBACKPsAIRPs 


1 POREP eVOLCHs 162,103 ¢CATREFs CATBAL » OBALC » CAT CAP sOCAPCeDIFA 


FORMATO S12 05662252115 2F Fe 3s F6e5yFGe 5s 2F6035) 

IQi —- SHOULD ELAPSED TIME AND WATER VOLUME CHANGE CR PORE PRESSURE 
REACTIGCN BE CCKPUTED FROM THIS TIME. 
1 SIGNIELES Ves 
One SIGNIFIES NO 
9 SIGNIFIES A COMMENT-STATEMENT IS TO FOLLOWe 

QUESTIONS REGARCING* TRE BURRETe 

1Q2°— 1S). WATER GCING INTO THE SAMPLE (Oy 
GR).COMING GUT GF THE SAMPLE (2) 

WILL RETAIN PREVIOUS (102) IF ZERO OR BLANK IS RECORDED. 

1Q3 - IS THERE A REVERSAL IN WATER FLOWs CORRECTION IN EURRET 
READING OR A RESETTING OF THE BURRET? 


MONTHIL — MONTH 
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MEASURED ON THE BOARD (MV) 


Ma SSUREO. G Ne ihe GEER CMV) 


INDICATGR READING (CC) 


OR Sri GAP 
ee CAP 


IOAY1 SAS ny 

THOURI =e FOUR 

MINI == MINUTE 

TSeer = Poet OND 

CELL2 = CEI PRESSURE €MV) 

BACKP WATER @ACK PRESSURE 

AIRP — ALR PRESSURE, GHW) 

PORE? Otte WA IME RS PRES SU Re 

VOLCH — WATER VOLUME CHANGE 

Ait eecA TMETOMETER REFERENCE POINT READING 
Gwe tes CALNE O METER READING ON THE SALL 
CBALC Zeke teN READING GN THE CAEL 
COEGAP wae .CALHETGVMET ER READING 

OCAPC eC Orme CULeN READ TING: ON 

DIFA —JOLEEeUSED ALR VOLUME CHANGE 


GOR UGiis1.2 


TECIQ1I.EG.9) 


A ms ee ee ee ee me we we ewe 


CALL PRESS(CELLP,BACKFs AIRPsPCREP, 


AIR» PORE eCELLHMsBSACKMe AIRMsPOREM) 


IFC IG1<«EQe1) 
TiteGiGive = Os, 1.) 
Ga GUGdieE Oe 1.) 
MONTH2=MGNTH1 
IDAY2=ICAY1 
MIN2Z=MIN1 
THOUR2=I1HOQURI 
Woe Ge2=TS EC 1 
TIME1=0-.0 
TIME2=0-0 
BALL AI=(CATREF-—CAT BAL.) 
CAP1=(CATREF-CATCAP ) 
SLAT=0-0 

VOLL=0.0 

SVERT=0.0. = 
VOLV=0-0 


RYV=VV 
RSAT=SAT 


TVOL=0.0 


SEV GL& 0,0) 
SWAT=0.0 
SVWAT=0.0 
LSWAT=0-0 
LSVWAT=0.0 
LSTVOL=0.0 
LTVOL=0.0 
LVLAT=0-0 
LVVERT=0.0 
LSLAT=0.0 


FRCRESFORE 


er 


INDICATOR READING (CC) 


CELL eBACKs 


eed 
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| WOH 
3Trueis 
Ovinds2 
Vv") 39U22aRq9 4285 
. I22aR9I ADAB AAT 
) GHU22 Jae 
aa ] 9 TAW 
4) f } v 4 
% 2% on 
* TOIM3OTIH 
, we i +3 
7 ; PO4“oTsay 
ee - r>23An8a 
" 332yu34 
. os 
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INDAB eG J. 
- ;_ ja> 
ae ee ; : 4 
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LSVERT=0-0 
FSVERT=0.40 
FSLAT=0-0 
FYVVERT=0-0 
FVLAT=0e0 

FST VOL=0¢0 
FTVOL=0-9 
ATRV=0.0 
AIRVL=0.0 
AIRSTR=0¢0 
PVOLCH=VOLCH 
OO" OTs S140 

201 SVOLW(IS)=0-.0 

TI=1 
WRITE(6+18)MONTHIsIOAY1IsIHCURL»MINI»+ISECIsTIME] sCELLPsBACKPsAIRP > 
1POREP.TIME2+ VOLCHs10111G2+4103sCATREFs CATBAL s GBALC sCATCAPsOGCAPC 


18) HoReAtAh xX, *~-~—---—------~-— wp ee ee a a a ee a Ve bees 

at 1X, DS POsFG.0.4F 603+ F5e2shO oe S92K SST Ts SFS 23) 
WRITE(6.24) CELL »BACKsAIRs FORE 

14 FORMAT(19X%*+* PRESSURES IN PSI €,4F8e3) 


Wier CG tS) CELL MsBACKHZAIRMs POREM ’ 
15 FGRMATC1ISX.* PRESSURES IK KGZSGe CMe $,4F8.4) 

IF (BACK eEQ 00-0 cANDe PORE sEQe0 20) GO TO 604 
BErECT=CELL—-BACK 

IFC BACK eE Qc 0c OcANDe PCRE*GT 0060) EFFECT=CELL-—PORE 
EFRECK=CELLM-EACKM 

-IFCBACKMcEQ.0 60 eANDePCREM <GT e000) EFFECM=CELLM-BACKM 

LE CATReLT CAC) AITR=UACK 

SUCT=AiIR-GBATCK 

IF CAIRMeLTe BACKN) ATRM¥=BACKM 

SUCTM=AIRM-BACKM 

BISH=CELL—-ATI& 

BISHM=CELLM-AIRM a 

IFCEFFECT-«LT.2060) EFFECT=0-0 

TECEFFECM.LT «0.0) EFFECM=0.0 

TeCSUGT. t=O 0) SUCT=0.0 

TPFCSUCTIMeLT~.O4«0) SUCTM=0-0 

IF (BISHeLT«06O0) BISH=0-0 

IFC BISHMeLT e020) BISHIM=0e0 

WRITE(63;603) EFFECT» EFFEC!» SUCTs SUCTMs BISHsBISHM 

603 FORMAT(C1X%s! CSIGMA-UW) =" +FBa3s ° PSMIOR'e—Se." KACM Ys) Shs VOUA—UN I= 

1586 S68. PSI) DR'NP Sea es KSC s 3 ES TGMASUAD = 80s tee Sy 0s mee Srl Oe a itrcrceiet 
2e" K/CM") 

WRITE(6,41) VOLL se VOLVs TVGLsLVLAT sLVVERT sLT VOL 

HUPeGeMe Cixke! Vile CHe (CC) LAT s=—"s 

LAs VERT eS sess TEpPAL="s PT wow keV OCs LAT. ='sF7leSs 
a LOC. VERT=H='s.F7e33! LOCe TOlle= Ustaoes) 

WRITE( 6,51) SLATs SVERT»STVGOLsLSLAT+LSVERT sLSTVOL 

51 FORMAT(1X, ©STRAIN (%) LATe=" »¢ 

WTe4e! VERT e=H=* ef 704s! TOTAL=* 0F 704s6X%sthLOCe LATe =* sFlo4de 
aa LOCe VERT=' sF7e4e' LOC. TOTe="*sF9 04%) 

WRITE(Gs629) AIRVsAIRVL2ATRSTR 

WRITE(6219) SWATs SVWAT seL SVWAT 

IL=1IL+5 
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fe 8 fe RAK A AE I a aI AE KC A aC a a SC a LONG OK IK De a Ye aE ae ok a ac 2h ate a Ke a SiC ae aE A BIC ig Ae BC HH Ea FC AG as AE AR BK CRC 2K eis A 


fe 
Cc ‘ 
es DO LOGP TO REAC ANDO REDUCE ALL DATA CARDS 
Cc 
Ee He Meals he ee Me HE Mee ae ea 2 2 aie he OK OK ak ke Xe ak a ok ke feat a ake ab ate ok ak ake a a ak af ake ake ake a ake ee ae ie ie ak aK aK As ae ae kK ar oe 
G 
604 60 9105 f=1.+1000 
READ(S5e7) IQ1sMONTHXs ICAY Xs IHGURX sMINXeI SECX sCELLP +BACKP+AIRPs 
1POREP< VOLCIti:s 1025 103+CATREFs CATEAL s BALCOR+CATCAPs CAPCORsDIFA 
Petpires Gl. Os Oe ANC ese IG1eNE.S8) OLFOH=DTFA 
Piss ee GI oO. 0 eAKD 21 Q1-eEC.8) DIF FHEOIFA 
Pret TOl. Fos. i) FOP=H : 
IFC I1Q31e¢EQe1) VOP=V . 
Teer eae) yy COP]=DrAl 
Pet tii~«efosec) GG TH 109 
IF CIHOURX <EQ.O0<ANDSNIAXeEG20) GO TO 106 
Wieereet 14.59) GO TO 311 eee 
i1=6 
IP=IP+1 , 
WRITE( 638) IPsA«Bo LATCAL sVERCALsC 
WRITE (6:9) 
G 
Cc ae a cag ces was cs cn as en er are a a aes cow ae mea a aS ao wnw 9a re mrp mee Seesaw NS RS NO 
‘e CALL SUBROUTINE TO COMPUTE ELAPSED TIME 
c ee ae age ae a ee a as ce tie ces na a ie ae mr a ee ae a ae se a Oe ee Ow ne re wre are nage aw come one ome we we we ee wo ee we cs ee ee 
Cc 
111 CALL ETIMECIYEAR1 se MONTH1L se IDAY1s THOURIsMINIs ISECIyEYEARXsMONTHXs 
LI DAYXs THOURX+MINXsISECXeTIMEL) 
PreetoverOseOsOke lGleEG28) GO TO 100 
MON TH2="%GNT HX 
THAY2=LDAYX 
IT HOUR 2=IHGURX 
MIN2=MINX : 
ISEC2Z2=ISECX - 
POO <CALU Be rere. MantHo: 1phvowl HOURS MING, Tece= el renee sMONTHX-¢ 
1 IDAYXs IHOURX+sMINXs ISECXe TIME2) 
G 
Ca ne ee ~~ en a 
Cc CALL SUBROUTINE TO CCWFUTE PRESSURES 
G Co ee a ee wee we ne we ae we ew we eae a errr wn me ee ee ee ee wee ee ee ee we a ee 
re 
CALL PRESS(CELLP»sBACKFsAIRPsPCREPs CELL +BACKs 
1 ATRePORE+CELLMsBACKKeAIFMs POREM) 
IFC IC12EQ.1) FFORE=PORE 
Te Gi01 +041) RSAT=SAT 
IFC IQL<«EGel1 ) RVV=VV 
Cc 
Cc ee ee ce a ire areas ee ea ae a a ew Oh ee ee wet eee ee ee ee ee ee ee we 
Cc WRITE INPUT DATA i 
C | See ne Sra eee + we ee we en a rn a re Sr a ee oe ees 
Cc 


WRITE (6218) MONTHXs IDAYX+ THOURXs MINX eISECXeTINE1»sCELLFeBACKPsAIRPs 
LPOREPs TIME2 sVOLCKeIQ1,102sTQ3sCATREF + e CATCAL 2» BALCOR»CATCAFs+CAPCOR 
IL=IL+2 

mi IFC CATGAL©EQ-0-0) GO TO 101 Sapa eS 
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COMPUTE LATERAL AND VERTICAL VOLUME CHANGES GF THE TOTAL SAMPLE 


VOLL =(( CCATREF—CATBAL )—-BALL1 )-( BAL COR-OBALC) )¥LATCAL 
VERT=( (CATREF—-CATCAP)—-CAP1) —- (CAPCOR-OCAPC) 


VOLV=VERT*XVERCAL 
TVGL=VOLL+VOLV 7 
V=VO-TVOL 

H=HO--VERT 

DEAT=SORT (4. 0*XVAC(PI*H) ) z 
SEAT=VOEL*100./V0P 
AREAI=PI*OIALXDIA1/4. 
VVERT=VERTX*AREAI 
SVERT=VVERT*100«/VOP 
VLAT=TVOL-VVERT 

STVOL=TVOL*1006. /VCP onde ty 
GO TO 102 

Sie Aare 0 

ViGLEIZ=0'<10 

SVERT=0.0 

VOLV=0.-0 

TVOL—0. 0 

STVOl—0.0- 

MeGVvOecte fee.) GO TO £03 
IF(IQ2cEQe0) GC TG 605 


COMPUTE WATER VOLUME CHANGES FROM EURRET 


em ee we ee wm a ne a a eS a = 


WATER GOING INTO SAMFLEe 
IFC IG@2cEQe1) SIGN=—-1-0 


WATER CCMING CUT OCF SAMPLE. 

IFC IO2cEQe2) SIGN= 1.0 
IF(ITOL1.E&Q.0«OReTQI1-EQe8) GO TO 104 
Il=1 

SVWAT=0-0 

PVOLCH=VOLCH 

GO TO 203 

SVWAT=SVWAT-SVOLWCIT) 
SWAT=SWAT-—SVOLWCIT) 

PEGraseEae0)) GG Ta 203 
SVWAT=SVWAT4+SVOLWCIT) 
SWAT=SWAT4+SVOCLWC(II1) an 
PVOLCH=VOLCH 

II=11+1 

SVOL.WC(IT) =ABS(PVGLCH-VOLCH) *SIGN 
SWAT=SWAT+SVOLWCITI) 


_ ~.-SVWAT=SVHWAT4+SVOLWCIT) 


LSVWAT=SVhAT/SVGP*¥1006 
IL=IL+1 
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TFCIQLVeNE-&) GO TO 103 
COMPUTE AND APPLY AIR DIFFUSION CORRECTION 


EXHE AD={ ELEX-(DIFOtDIFF)/26)*xCALIB 

ADIF=O1FO~-DIFF 

DIFPR=3.48E4*REG40.05 

ATHM=DIFPR+14 67+ EXHEADACCNVER 

IF (PORE<«<LE«0e0) PCRE=BACK 

ADIFF= ACIEX( ATM) /(PGRE+41407) 

STP=ADIFx( 7 6 TE le 

HereiGN.sGT.O.0) GO TO 856 

SWAT=SWAT-ADIFF 

SVWAT=SVWAT-ACIFF 

GO TO 857 
656 SWAT=SWAT—ACIFF a8 ee 

SVWAT=SVWAT-ACIFE . ; . SS 
857 LSVWAT=SVMAT/SVOP*1L00. . 





WRITE AIR-DIFFUSIGN VOLUME AND CORRECTION 
aot Sp be SSeS Se ee ee ee ie a SSS SS SSE SS SASS Ses a 
WRITE(6,;864) CIFOs«DIFFsADIFe ATM soul 
B64 FORMAT(1Xs*ORIGe DIFe AIR aU ole osig U FINA OLR AiR =". Give Sie 
1g DIF<« VOLe =% sFle3+* DiFe PRESe=* »F7le3s! STP VOL.=* 
CRA iets) 
IL=IL+1 


WRITE(6:421) AOIFF 
Ae eed like COCCGCCCCOCCCOCCCCOCCCCCOCCGCOCCCC1.A 
Xe Ge WAT ERY VGLULE) CCRRECIMONG a Cts / 
Pitesti CCCCCOCCOCOCCCCCCCCCCCCCCCC (*sF7e35!)*) 
IL=1IL+3 
MittiielLi.S38) GOrTOn 103 
TE=0 
IP=IP+1 
WRITE(638) IPeAsBs : LATCAL » VERCAL eC 
WRITE( 649) 
103 CONTINUE 
GO TO 4568 
4S67 WRITE(6:19) SWATsSVWATsLSVWAT 
GO TO 4569 
4568 ITF(CATBAL 6 EQ.0e0eANCe VOLCHeGT.060) GO TO 4567 
4S6S MIRCCATBAL «EQ 0-0 -OR-VCLCH«<EQ-0-0) GO TO 6027 
PPC THGIFEQ.0.0R.1G1.6GT.«1) GO TO 2711 
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FYTVOL=TVOL 
FSTVOL=STVOL 
FYLAT=VLAT 
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FVVERT=VVERT 
FSLAT=SLAT 
FSVERT=SVERT 

2711 LIVOL=TVOL -FYVOL 
LSTVO! =STVIL-FSTVOL 
LVLAT=VLAT -FVLAT 
LVVERT=VVERT-FVVERT 
LSLAT=SLAT-FSLAT 
LSVERT=SVERT-FSVERT 
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BWEEPEC6 75-1 YSUAT ¢ SVERT SST VOL o-SLATsLSVERTsLSTVOL 
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IFCIULTeS2) GO TO 6934 

PE=6 

IP=1P+1 

WRITE(638) IPsAeBe LATCAL sVERCAL »C 
WRITE(6s9) 
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6934 AIRV=TVOL--SWAT 
ATRVL=LTVOL—-SVWAT 
AIRSTR=LSTVOL-LSVRAT 
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(EC et a Se a ee ee a a ea Py ee ee See Oey eo a A 
Cc WRITE VOLUME CHANGES IN AIR AND WATER PHASES 
Cee eee eS Sp eae on Se ree ae ee Se Se eee ee ees eas =, 
c 
“WRITE(6.629) AIRVsAIRVLsAIRSTR 
G2IuPerMnvel ks? TOTS’ AIR VOL. CHe ="¢F8e3s9Xe'LOC.e. AIR VOL. Che =". FBeS 
1st PWesYATR® STR.=*.F10.4) 
WRITE(6019) SWATsSVWATsLEVWAT 
19 FORMATS TXs4 TOT LO WAT. VOL. CHe='sF8.309X%s "LOC. WATe VOL. CHe=".FBe3 
1 a! Po Clterer “WAT « Sikes! sf i064) : 
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1 ¥O 116 
TFCIL<LT. 28)" GO” TO €S35 
IL=0 
IP=1P4+1 
WRITE(6s8) IPsAsEr _  LATCAL +VERCAL »C 


WRITE( 699) 
6935 WRITE(6+14) CELL »sBACKsAIR»PORE 

WRITE (6615) CELLM+sBACKMs AI RMsPOREM 

IL=IL+2 | 

TF (CELL £06060 6ANCeBACK 6E 00000 eANDsAIReEQe000) GO TO 116 
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BISHM=CECLLM-AIRM 

Om Oe Sal s7 

BISH=0e0 

BISHH=0-0 

TEC BACK -FQe0<0-AND-PORE«E@sO0-0) GO TO 116 
BrPREGY=CELL—BACK 

FF( BACK «EQ 0eO0eANDe PORE GTsOe0) EFFECT=CELL—PORE 
EFFECN=CELLM—-EACKM 

TEC BACKM ce EQeO eOeAKDePCREMeGTCO6O)} EFFECM=CELLM-POREM 
ITFCAIReE LT eCEACK) ATR=EACK 

SUCT=AIR-~BACK 

IFCAIRMe LTC BACKM) ATRY=BACKM 

SUCTH=AIRM-EACKM 

MEGEFREGT «1.0503 EFFECI=0.0 

EFCEFFECM-LT.0.0). EFFECM=060 

IFCSUCTe.LTcOcO) SUCT=0-.0 

TFCSUCTMeLT e020) SUCTN=040 

IFC BISH«LT 2.0.0) BISH=0.0 mY Got 

TFC BISHMeLT e020) BISHM=0.0 

WRITE(6:603) EFFECT,EFFECMs SUCT+ SUCTMs6BISHsBISHM 
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RE=6 
IP=IP¥1 

WRITE(616) IPsAeBe LATCAL sVERCAL oC 
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V=VO-TVOL sie 
VV=V-VS 
E=VV/VS : : we 
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VWATER=VWAT-—SWAT 
VATR=EVV-VBWATER 
DISSOL=0 .02*VWATER 
WCH=VWATER/SWS¥*¥1006 
SAT=WOX GS/E 
ORYCEN=G6S*62-4/( 1 e+E) 
TOTDEN=(GS+SAT#E/100¢ }*E20¢4/ (Let EL) —". 
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TL=0 

IP=IP+1 

WRITE(6.8) IP sAvsBsLATCAL sVERCAL2C 
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IL=IC+1 
GO TQ 105 
READ ANO WRITE COMMENT CARDS 
LOORRIEAD CS s 10) "Cor 
10 FORMAT (C20A4) 
WRITE(6511) CCM ; 
11 FORMAT (10X, t --~~~-—-------— =~ ---—-—--— - - — Sor) Sa ee a Ce ee ce 
Re Ee lO a a ~——'4/10Xs20A4) 
IL=IL+2 
10S CONTINUE 
106 WRIYVYE(6,1021) B 
1021 FORMAT (1X4! ~~~ a a rn nr baw se 
13Xs" END OF TEST !s2A4sA2s/1 Xe 8 ee tr re nr ee Re meee 
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SUBROUTINE PRESS(CELLEsBACKPsAIRPs»POREP,» CELL sBACKs 
1 AITRsPOREs CELLN,»BACKKMeAIRMs POREM) 


SUS OMEN. COMPUTE PRESSURES: FOR THE TRIAXTAL EQUIPMENT. 


sn a er we en es = ee a, ee ee ees 


CELL=4e6405*CELLP-0-003774+16-30 
IFCCELLP.LEQ-0.0) CELL=0-0 
CECLM=CELL*O060703C7 

BACK=4.64905% BACKP-0.00232774+1¢30 
ITFCBACKP cEQe0e€0) BACK=0-0 © = 
BACKM=BACK#0<9070307 

AIR=4 e6405*AITFP-0.00377 
IFCAIRPeEQcOe0) AIR=0€0 
AIRM=AIR*0207CI07 
PORE=4- 306 7*FOREPt0O «00315 
IF(POREP.«EQ.0-e0) PORE=0c0 : 
POREM=PORE*020703C7 

RETURN 

END 
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SUBROUTINE ETIMEC IYEARL + NONTH1,IDAY1+eTHOURIL»MIN1sISEC1IsIYEARK; 
1 MONTHX eI DAYXs THOURXe MINX» ISECKXe TIME) 


2 tok ko tO ARR IIa ittok i tok tok do kok ote dak dk ak dork aak kek ok desk xe 


SUBROUTINE TO COMPUTE THE ELAPSED TIME 
RO ROK XK ga ak ak dk kloak fak RO a ok ak kg RI ak ak AOR ke ROR Oak a akoake ak ate ale afc ak ak ake 


GO Vom 4 6594 — <6 4s Sets 4 Ss 49.554) 6 MON THI 
3 K=IYEARI/4*4~-I1YEAR1 ‘ 
IF (CK) 7+8+7 
7 TIME=FLOAT CISECX-ISECI )/60e+FLOATCMINX—MIN1) + 
TFLOAT ( THOURX~ IT HGURI ) 60 e+FLOAT (28% ( MONTHX—MONTHI )—IDAYVYI4IDAYX) 
a] xX1440. 
clo) ata Mel 
8B TIME=FLOATCISECX-ISEC1 )/60¢+FLOAT(MINX-MINI) + 
YFLOAT(CIHOURX—IHOURI ) X60e4+FLOAT( 29% (MONTHX~MONTHI )-IDAYL+1IDAYX) 
2 *1440.- 
GOTO. 11 s 
4 TIME=FLOAT CISECX-ISECI )/60<+FLOAT(MINX—-MINI) + 
IFLOATCIHOURX—IHOUR1 )*60 e+FLOAT(31*( MONTHX-MONTHi )—-IDAYI+IDAYX) 
Pett GAO. 
SGU O. ti 
5 TIME=FLOATCISECX~ISEC1)/60-.+FLOAT(MINX—MINI) + 
I1FLOAT (IHOURX-IHOURI1 ) X¥60«e+FLOAT( 30% (MONTHX—MONTHI )—IDAYI+IDAYX) 
2 *1440. 
11 RETURN 
END 
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PROGRAM TO” REDUCE DATA FOR STRESS CHANGES ON UNSATURATED SCILS 
ee ete TESTS PERFORWED ON ONE-DIMENSIONAL OEDOMETER ——-—-—---— - 


RRR ROME He ROR Ee ROA ROR AIOE spot oko ak tak a ACO RO Ra Rea i kak a kk te ke kok ate ke sak x 


DIMENSION AC5)+8(3)5CC20).COM(20)5SVOLW( 10) »ANTEUS(3) 
REAL LSVWAT sLTVOLVESTVOL.»LVLAT.s»LVVERT.«LSLATs LSVERT* LSWAT 
TAS) 

IL=0 


A- PROJECT NUMBER 
B- SAMPLE NUMBER =e 
ANTEUS — OEDCMETER NUMBER 

READ (531) AsS8sANTEUS 


FORMAT(CSA4s2A4sA2 4 2A4sA2) 

READ THE COMMENT CARO 

READ (S+2) C 

FORMAT (20A4) 

READV The INE PTA VOlCUVE= WETGHT DATA 

ONG) = GRIGINAL CITAMETER GF THE SAMPEE CEM) 
hoe ORT GUNA HE LGET OF hie SAMPEES sCeMm) 
Goma SPEGTETG CRAVING Cl The SC Sol Tres 
WS — ORY WEtCGhn OF THe = WOnAlL = aAMe ies sCGHiS) 


Lhe ORIGINAL WATER CONTENT (% 


READ (533) OOsHO»sGSsWSswCc 
FORMAT(5F10-0) 


PI=3.14159 

ELEX=10.-05 

CALIB=15-235/4. 

CONVER=62.4/( 24¢54%*120%*120%*126¢ ) 
AO=P1*CO*CO/4.6 

VO=HO*AO 

VS=WS/GS 

VV=VOG-VS 

EO=VV/VS 

POROCS=EO/(1.+£0) #1006 


—SAT="#C*GS/EO 


DRYCEN=GS*62e4/(1¢e+EO) 
TOT DEN=(GS+SAT*¥EO/1 006 ) *¥6204/(1¢+E0) 
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VWAT=SAT#HEVV/1006 
VATR=VV—-VWAT 
OISSOL=A0 .0O2*VWAT 
WRITE(6s8) IPsAsBsANTEUS-C P 
8 FORMATC1IH1, OK 9 © RRC 2K fe ak ote ak ok oe ok ak ok ak oe ok ak oe se ok 
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BEEK ASS 3% 5 PUG TS SS 6) aie eee Meee ek ane mee ge £,10Xs "SAMPLE 

(ee es ok aoe A 1H4s12X+5A4e18X%s2AGy Aes/ anes 
6 SXeSANTEUS CONSCLIDCWVETER NOw. U7 Mikt9\ 2S xre Ae es 
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1 
1 Ie ai sx. ‘TIMES 15x." [ELAPSED _ BOARD TRANSDUCER + cok Ais 
i Fi Cele ROeAteay 
THURREV] 1601 CIAL GAUGE { TOTAL “[°L£ecnkl [LocnLs, 7 
1 Xie ia ee ee ee eee 
SPER (PEGE, BACK-[ AIR | PORE’ fees eol READ-G|{ ae eet 
3----~<~----~~---- [| VOLUME{ VOLUME] VoL .*.7 SXs*HMON{OATE [| HRS 
SlettieseC { (MINIA| PRESS | PRESS | PRESS P PRESS” | FEHE Ti Ccce 
6 [123[ CAP [CCRR-N [| BATER [ WATER |STRAIN®/ 
(Tae bis CARR gc ale AAae ee 
6 ee ee en eae a ee ern eee eer ren mn aoneeentinn any nae 
Out aes) 

WRITE (621022) 

1022 FORMAT (3X, '------~--~~--~——--—-— + + - - + + + ee "S 3% 5 
1*1Q1 — SHOULD ELAPSED TIME AND WATER VOLUME CHANGE CR PORE PRESSUR 
2E*/SKe* REACTION SE CCMPUTED FROM THIS TIME. */ 3X 
3e 1 SIGNIFIES YES */3Xe 
qe © SIGNIFIES KO sae '/3Xs 
5: 9 SIGNIFIES A COMMENT STATEMENT ON THE NEXT CARD. ',/3X> 
6'QUESTIONS REGARDING TEE BURRET. W/ 3Xe 
7£IQ@2 —- IS WATER GUING INTO THE “SAMPLE ( (1) 95/3Xs 
Be OR COMING CUT OF THE SAMPLE (2) €/3X» 


9*WILL RETAIN PREVICGUS (1@2) IF ZERO OR BLANK IS RECORDEDe'+/3X%¢ 
1* 1@Se— ES HERG eA REVERS AW TLN TWATER FIiLGW,. (GORRECTION IN BURRET*"*/3X 
2s* READING OR A RESETTING OF THE SURRET? Oe / Ss 


WRITE(6+1020) GS.~WS 
1020 FORMAT(SX+' THE SPECIFIC GRAVITY USED IN THE COMPUTATICNS IS J 


1 Fase /5xX5" THE WEIGHT (SF THE TDRYISSOLE SAMPILE TS O8SRO.3) 
IL=IL+16 


WRITE(6+5)} DOsHO2sA0sVCeVSsVVsVWATSVAIR »DISSCL 
S FORMAT(1Xe* SAMPLE DIMENSIONS. AND VOLUME WEIGHT RELATICNSHIPS® 


1 4JIXs*OIAMETER = "sF1IO0e4s!* CM iEAGe 
VHT = ©,F10c4," CM AREA = %sF100e¢43" SQe CM VOLUME = '»o 
Ziad Ores mG Uie EG Melt / 1X VOlis) SULTOUSHES IU FIG 1254X MINCE VOIRSI RES. 2, 


3 4K, "VOL « WATER = "sf Gees 4Xei" VOLJAT RPC RREE) Gta RS SanAL(DIESSOUVE 


1D) = oes © BCEG) 
IL=IL+3 
WRITE(6.6) WCsEO0sPOROS+SATsORYDEN+sTOTDEN 
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GU EORMATIC LAs AWo = Me Neh LP = A ES ef Oletols 4s SOME TOG Sho 
1* %& SATURAG ON =U! yF7eSi5 2 2 ORY PDE Nem = vias Per 
aby DEN. =) "GIF Teidis POR CE') 

IL=Il41 

H =HO 
DITA1=C00 
AREAIL=AQ0 
V=VO 

HOP=H 

VOP=V 

WS pe = 2 
ITYPE=2 ; « 
ITYEAR1I=1971 
IYEARX=1971 
TIME1=06.0 
TIME2=0-0 
GOeTO) Lis 


PVA REREAD (5S - 10) ©ColIW 


Vite Telit C6iesi,19)) COM 
IL=IL+1 


YTPOREP» VOLCHs 1Q2s1Q3sCAPsOCAPCsOIFOeDIFFs TEMP -1Q4,1Q5 
GmGORMMmGinenSlesSr6<ls 211s 6e31:F 60565623 FOc2s FSe2s%Xvel tr) 
EOS —VTSHOVLD ELAPSED TIME AND WATER VOLUME CHANGE OR EG@RE 
REACTION BE COMPUTED FROM THIS TIMEs 
SGN ieiES WES 
SEGNYRLES NO 
SIGNLFIES A COMMENT STATEMENT, 1S OR EOEEGW. 


m0 Oo = 


AIR VOLUME. 
QUESTICNS REGAROING TKE BURRET. 
HO2ZS—eiS WATER GEING INTO THE SAMPLE C19) 
ORT ECOMING GUT "Ce THE SAMPEE C27) 
WHE RETAIN PREVIOUS (102) IF ZERO GR BUANK IS REGCGROED. 
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TQ1.HMONTH1+s ICAY1-« IHGUR1»MINY.s ISEC1<CELLPsEACKPsAIRP, 


STGNIFIES THAUPTHIS CARD CONGAINS WHE NAR SDLEEUSED 


I1Q@3 - IS THERE A REVERSAL IN WATER FLOWs CORRECTION IN BURRET 


READING OR A RESETTING OF THe EURRET? 
QUESTIONS REGARDING THE PROCEDURE OF COMPUTATIONS. 


IQ@4 -— DCOES THE SAMPLE PULL AWAY FROM THE SIDES OF TEE RINGe 


O SIGNIFIES TO TAKE THE PREVIOUS VALUE. 
feSlUGNIFIES “YES. 
2aesiGNieTes | NG. 

KOoe—mWhAm TYPE Or ANALYSIS ISSDESTRED? 


OWSIGNIFIES THAT THE PREVIOUS TYPE INUMEER BE RETALNED. 
1 —- ASSUMES THAT THE VCLUME OF AIR REMAINS EQUAL TO ITS 


PREVIOUS VALUE. 
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IF(1Q4-.GT<0 
TF(1Q5eGT «9 


DAG 


ASSUMES THAY THE VOLUME OF VOIOS IS EQUAL TO THE DIFFEREN 
BETWEEN THE MEASURED TOTAL VOLUME’ AND THE CCMPUTED VOLUME 
OF SOLIDS. 

BASED ON THE APPLICATIGN OF BOYLES AND HENRY*S LAWs 

THE VOLUME OF WATER "GENERALLY" REMAINS CONSTANT AND 

THE VOLUME OF AIR IS COMPRESSED. 

) ISIDE=104 

) 1TYRE=10S 


MONTHL —-— MONTH 

IDAY1 ~- DAY . 
YHOUR1 — HOUR 

MINI — MINUTE 

ISECI —~ SECOND ; 

CELLP —- CELL PRESSURE (MV) 

BACKP —~ WATER BACK PRESSURE MEASURED ON THE BOARD (KY) 
AIRP ~ AIR PRESSURE (MV) 

FOREP —~ PORE WATER PRESSURE MEASURED ON THE CELL (MV) 
VOLCH — WATER VOLUME CHANGE INDICATOR READING (CC) 

CAP - DIAL GAUGE READING ON. THE CAP 

OCAPC = DIAL GAUGE CORRECTION GN»THE CAP 

DIFO ~ DIFFUSED AIR VOLUME READING PRIGR TO FLUSHING 

DIFF ~ DIFFUSED AIR VOLUME READING SUBSEQUENT TO FLUSHING 
TEMP ~ TEMPERATURE OF THE CEDOMETER (CENTIGRADE) 


TF(IQL-EQe9) 


ee ee ee ne a ee 


“TE CIOLSCEQ si 


TeGret<EQ 5 1 


(eG) Wer hare 


ce td ht oe a 


ae ow oe we ow a on oe a ee eae css cop ts ihe Spe gs a cn es Se er Oe OT SH NR NUT POE SOS ES ort a a 


} RSAT=SAT 
) RVV=VV 


MONTH2=MONTH1 


ICAY2=I1DAY1 


ITHOUR2=IHOURL 


MIN2=MINI 
ISEC2=1SEC1 
PCAP=CAP 
SLAT=0-0 
VCLL=0-0 
VLAT=0.-0 
VVERT=0-0 
SVERT=0.0 
VOLV=0-90 
TVOL=0-0 


_STVOL=0.0 


SVWAT=020 
LSVWAT=0-0 
LSWAT=0.0 
UST.VOL=07.0 
SPVOL= 0-6-0 
LVLAT=00 
LVVERT=0-0 
USWAT=0:60 
LSVERT=0-0 
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AIRV=0-0 

AIRVL=0-.0 

AIRSTR=0.40 

PVOLCH=VOLCH 

DOMZONs ws=—1 + 1.0 

201 SVOLWCIS)=0.0 

Tl=1 

RESVCL=0-.0 

WRITE (Gs 18)MGNTH1¢IDAY1ts I HOURI,MINis ISECI+TIME1 »sCELLP+BACKPsAIRPs; 
Leo ReEOsmume oe VGC eT Cleat O2eTOSs.CAR.OGCAPC 

16 FORMAT( 1X! 27-97 + =~ ts/ 

1 1X- SL Gree Oe Ole Ai Sie Suv ileus aie. Dive yeni ashe eon) 
WRITE(C6:19) SWATsSVHATSLSRAT 

CALL PRESS(CELLP sFACKPsATRPsPOREPsPOREsBACKs AQ-?IL) 

IFC IQ1-EQ.1) FRPGRE=PORE 

(RITE C6s41) VLATsVVERTs TVOL »LVLATsLVVERT -LTIVOL 
VirineCGs oi) SATs SVERTsSiVOlsLSLCATsLSVERT sESTViGE 

41 FORMAT(IXs*VCLe CHe (CC) LATe='s 
iieiaekS em Nuehok © sore lof re Sueet Tats Al Ssbie Fils B95 OMe OGe LATe ='sFTeS 
‘Coe LOCe VERT=',F7e3s! EGSe LOM <i SoS) 
S1 FORMAT(1Xs SST RAIN CA) LATc="s5 

VF7e4e! VERT e=' sF7e4e* TOTAL! Fle 4s 6Xe fF LOC e LAT? =* sF let 
2 CO GCee VERUTHE 6 Fife Ais * LOCe TOTcec="sF9e4) 

IL=Il+2 ; 


Meoste Ke 


FR CC IG CK GIG ak okie k tok ok koa koakak ak kok tot ak doi ak 3 ak ak a ak ok ak afc akc ak kik: ofc ake ake ae 2k ak ak 2 o> 


DO LECP TO READ ANO RECGCUCE ALL CATA CARDS 


JOR Ito tok ok dak 3 IR ORK GIG iofokok gol klk dee desk ttok te te dea ak of toatiak sk ok etek ak dokok kas 2 


604 DO SO1l T=1,1000 : ; 
READ(S5e¢7) IQ1+MONTHXs ILAYXe IHOURXsMINXsITSECXsCELLPsBACKPs AIRPs 


1 POREP; VOLCH, 10@2;103>CAP,CAPCORs DIFOs DIFF eTEMP2I1Q4s105 
DeGiG4eG 0) 1S lOE—1e4 
TECiGS5e61<0) ITYPE=71Q5 
IFC 1Q1e¢EQe1) VOPR=V 
IFC 1Q1¢&Qe1l) HOP=H 
TEC Fes CIBC GS) OQ lel sere 
IFC1Q1-EQe8) GO TG 914 
THE CELL PRESSURE COLUMN 12 CONTAINS A VOLUME CHANGE CORRECTION. 
IFC IHOURX «EQ eOeANDeMIAXeEGQ20) GO TO 106 
Tetris tesoc), GG TO i112 
LES 0 
IP=I1P+1 
WRITE(648) IPeAsBsANTEUSsC 
WRITE(6:9) 


ee we a ee a ae es a ee 


CALL SUBROUTINE TO COMPUTE ELAPSED TIME 


111 CALL ETIMECIYEARI oe MONTHI es IDOAY1s ITHOURI»eMIN1IsISECIsI YEARXsMONTHXs 
LIDAYX+ THOURX+MINXsISECXs TIME1) 
IFCIQ1.EQe0) GCG TC 100 


em ee ee re ee ee es ee ae ee 
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MONTH2=MONTHX 
IDAY2=IDAYX 
THOUR2= THOURX 
MIN2Z=MINX 
Loe C25USECX 

100 CALL ETIMECIYEAR1sMONTH2sIDAY 2. I HOUR2sMIN2_sI SEC2e1 YEARXs MONTHX ¢ 
1 IDAYXsTHOURXeMINX+s ISECX+TIME2) . 


Cc 
CC eee ae en tre ee a ee ee ae ae ee oo ee A a oe ery oe oe ee 
C. WRITE INPUT DATA 
(t om Ow cee ere ee wee we as cee se ee ee ey ore oe ee ae me ee ne oe es ee et ee ee ee oe se ee oe ee ee we ee ee ce ee es a ee se ee ee 
(€ : 

WRETEVGs 183 MONTHNs TOAWKs THOURKs MINX e ISECXeTIHE1 + CEELPsBACKPSAIRP » 

1TPOREPs TIME2s VOLCHsTIQ141Q2:1Q3+CAPsCAPCOR 

TL=1lL+2 
Cc 
Cc a SS SS eS Se ey a ee a ee ee ee re me ee ee ee ee ee ee oe Se 
Cc CALL SUBROUTINE TO COMPUTE AND WRITE PRESSURES AND STRESS STATE 
Cc VARIABLES. 
Ce a TN rs ir 8 BS I ee ee eee er ey 2 Oe 
Sc 


CALL PRESS(CELLP sBACKFs AIRP,sFPOREPsPOREsBACKs AREAI, IL) 
TBCie et 1238, GOLA ves: 
IL=0 
IP=1P+1 
WRITE(6;8) IPsAeBs ANTEUSsC 
WRITEC6:9) 
L209 UR GQVGeCHisE Qi. 0) GO TC 103 
Bis 6 1@2 we G.6 0 iGO 10g. 60S 


G 
Cr coe ee Se a i 
Cc COMPUTE WATER VOLUME CHANGES FROM BURRET READINGS 
Cw ee ee ee a nn ee 
Cc 
Cc 
(e WATER GOING INTO SAMPLE=s 
TFC LO2Z.6EQ.1) SIGK=-1.0 
G 
Cc WATER CCMING CUT CF SAMPLE. 


IFCIQ2.EQe2) SIGN= 1-0 
605 TFCICI~EQ-0) GO TO 104 
Iit=1 
SVWAT=0.0 
* PVOLCH=VOLCH 
GO TO 203 
104 SVWAT=SVWAT-SVOLWCIT) 
SWAT=SWAT-SVOLWC(IT) 
PRGLGSsEC.«0) GO TO 203 
SVWAT=SVWATH+SVOLWCIT? 
SWAT=SWAT4SVOLWCII) 
PVOLCH=VOLCH 
TI=11+1 
203 SVOLW(II)=ASS¢PVCLCH+VOLCH)*SIGN 
SWAT=SWAT+SVOLWC( 11) 
SVWAT=SVWAT+SVOLWC(IT) 
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Qu@eQeoua 


LSVWATH=SVVWAT/VOP%1006 


IEC DIFF eEQ+9-0)} 
WRITE(6+19) 
IL=I1L41 


GO 


COMPUTE ANO 


Lo G14 


SWAT +s SVWATsLSVWAT 


APPLY AIR DIFFUSTON 


CORRECT ION 


cee ee ew me ek es es me me we i a me ete me qe ee ee see ne i ie er re ee er ne ee ee es ee ee ene en re ee et ee me ee 


EXtieho= Gale x= (DI FO+RIFF IF 26) *CALTB 


Agia DiFO= DIFF 


DIFPR=44-23566*REGtO .0CSS7 


IF (REGeEQ<000) 
ATM=DIFPRt1L4 
TFC PORE «EG2020) 
ADIFF= 


eG tiseled «38 ) 
IL=0 
IP=IP+1 
WRITE(6:8) 
WRITE(6s9) 


DIFPR=0.0 
¢f*+EXHEADY*CONVER 
PORE=EBACK 
ADIF#CATMI/S(CPORE+1 4 e 7) 
STPH=ADIE*# (CATH I/S14 07 

GO tor e4ss 


IP +sAsBsANTELSsC 


ok Se, eS ER taal ea ee we ee ee te a ee 


8433 WRITE(6:&64) 
864 FORMAT(1X+ ORIG. 
eas DIFe VOLe 
4 Fe3) 
IL=JL+1 
GOS 1G 838s6 
LEG woaNe 8 3 
ADIFF=CELLP 
IF(SIGNeGT e000) 
SWAT=SWAT-ADIFE 
SVWAT=SVWAT-AOIFF 
CGOMLOSSS/ 
SWUAT=SWAT-—AOLIFF 
SVWAT=SVWAT-ACIFF 
LSVWAT=SVWAT/VOP #10 
WRITE(6,421) AOE & 


O! 


(Ray 18) 


GO 


1 ixstc 


IL=1L+3 
Deine 1, 01313} 
IL=0 

Pea Mei sal 
WRITE(6.8) 
WRITE(659) 
IF(1Q1-EQ-8) 
CONTINUE 
IF( CAP 


IPsAsBe 


423 
103 


Go TO 


0EQe-0-0) G 


CIFO;DIFFsADIF 


ee Ay Lit 


Feds . 


Sens 


UG) {sitters 
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GO TO 423 
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«STP 
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2 ix. *ccccccccccccccccceccCcCcCccece 
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101 


102 


ALS 


2711 


2011 


VERT=( (CAP—PC AP) ~( CAFPCOR-OCAPRC) ) #2654 
VOLV=VERTXxAREAI 
H=HO~VERT 

GOP FO, 102 

SLAT=0-0 

VLAT=0-0 

VVERT=0e0 

TVOL=0¢0 

SVERT=0.20 

STVOL=0-9 

GOOG? SOL 
COMMOKAT Sist20H 1 Vie TSIDE 


ee a Oa we ea Oi aan canten  mEED ag aE Seu OS SPE, Se red SOND ae me SOCD Sem 
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ee me ee > 


LEIA TASSELS LAS I LIST ALOT LAL AAAAAAAAL ALATA ID AAAI I AAATAS ASST SL 


ASSUMES THAT THE SAMPLE PULLS AWAY FROM TEE SIDES OF THE RINGe 
ALSO ASSUMES THAT THE VOLUME OF AIR REMAINS CONSTANT. 
eS —— a 


PRUCAP. EGLO -0'1)) GO) TO" 501 3 
VWATER=VWAT-SWAT : 
VV=VNATER+VAIR 

V=VV4+VS 

AREAI=V/H 

DIAJI=SQRT (46 *¥AREAI/PI) 


SS@AT={(DO—O LA) +1 00i-</DO 


TVOL=VO-V 
VVERT=VERTXAREALI 
VLAT=TVOL-VVERT 
SLAT=(DO-DIA1)*100e/00 
SVERT=VERT*100¢e¢/HCP 
STVOL=TVOL¥100. /SVCP 
VWEG@VOI6. 20.0) GG TO 2¢7.il 
FTVOL=TVOL 

BoVOR=S i Matz 
PVE =tV GL—-ElVOL 

ST VOE=— St VOE—FSTVCL 
WRITE(6:41) VLAT sVVERT» TVOLsLVLATsLVVERT LT VOL 
WRITE (6:51) SLAT s SVERT + STVOL«LSLATs LSVERT «lL STVOL 


IW=IL+2 


-GO TO 209 


me oe oe Se Se ge a aa a ae Na a a a aE PERN I Sa 


ee ee ee ee ee ee we ae eee ee 


VOLL=0.-0 
TVOL=VOLL+VOLV 
V= VO-TVOL 
VLAT=0-0 
SLAT=0.-0 
VVERT=VOLV 
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SVERT=VERT*100¢/HOP 
STVGL=TVGL*100% /VOP 
LVLAT=0-0 
LSLAT=020 
SVERT=STVOL 
a CSVERTISEST VO 

LVVERT=LTVOL . 
IF CLOLeCEQcCOeOR-TQ1eGT ei} GO TO 2712 
FTVOGOL=TVOL 
FSTVOL=STVOL 
FVLAT=VLAT 
FVVERT=VVERT 2 
FSLAT=SLAT 
FSVERT=SVERT 

2fle GING E=IVOE—FTVGe 
LSTVOL=STVOL-FSTVOL 
LVLAT=VLAT—-FYVLAT 
CVVERT=VVERT—-FVVERT * 
LSLAT=SLAT-FSLAT 
EUSVERN=SVERAK{ESV.ERT 
WRITE(6+41) VLAT«VVERT,TVCLsLVLATsLVVERT sLTVOL 
WRITE(6s51) SLATs SVERT »sSTVOL>sLSLATstL SVERT e«LSTVOL 
IL=IL+2 
EE GiteeilaT 33S ) GO TO 6$34 
IL=0 
IP=IP+1 
WRITE(6s8) IPsAs6eANTEUSSC 
WRITE(6s9) 


COMPUTE CHANGES IN AIR VOLUME 


ee ee me a ee ee ee ee a we we ee we ee se 


Qnnu@agag 


6934 AIRV=TVOL—-SWAT 
AIRVL=LTVOL-—SVWAT 
AIRSTR=LSTVOL~LSVWAT 


mee me me mn me ee ee ee a a mn a a eer ee 


WRITE VOLUME CHANGES IN AIR AND WATER PHASES 


QM iGuG 


WRITE(6s629) AIRVsAIRVLsSAIRSTR : 
629 FORMAT(1Xs*TOTe AIR VOLe CHe ="sFBe329XetlLOCe AIR VOLe CHe ='sF8e3 
1.‘ LOCe AIR STRe='5Fl1l 024) 
WRITE(6319) SWAT+«SVWAToLEVVAT 
19 FGRMATC(iIXs*TOTe WATe VOL oe CHe='sF8e359X%etLOCe WATs VOLe CHe="sF8e3 
1 ;¢ LOCe WATe STRe='sFl1l 004) 
IL=IL+2] 
209 GO TO (20012175,2002)sITYPE 


a eee cas as ee ne eee a ee ee es ee wee Se ee ee ae ee en we ee ee oe a ee a ne en a a SS OS OSS SS OS Se eo 


CCMPUTATION OF VOLUME-WEIGHT SOIL PROPERTIES 


ee eee as ee eee ee eee ee we ee ee ge a ae we ee es we ee ae we wre ee a ee wn en a ee ee a SS SS SS SS OO OO OOS 
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COMPUTATIONS BASED ON THE ASSUMPTION THAT THE VOLUME OF AIR 
REMAINS CONSTANT e 


VWATER=SVWAT—SWAT 

VVEVWATER*+VATIR 

E=VV/VS 

V=EVVEVS 

POROS=E/(C1Le +E) *1006¢ 

OISSOL=0 -O02*VWATER 

WC=VWATER/#S*1L00 6 

SAT=WCEGS/SE 2 
ORY CEN=GS*62e4/(1¢+E) ofa 
TOTOEN=(GS+SAT#E/1006 ) ¥E2c64/ (1 +E) 


cee cn ee ee me ne me a en ee me mm cs re ee ee ce ee ee ee ee we ee ea ee we ee Se 


WRITEC625) DIALsHsAREAILs Vs VSsVVe VWATERs VAIR2DISSOL 
IL=1L43 

WRITE(6s6) WCeE+FCROSs SATs CRYCENs TOTDEN 

IL=IL+1 

GOR TGESO I 


nie LU PR ELIE CE Oa als 


BASED ON THE ASSUMPTION THAT THE VOLUME OF VOIDS IS EQUAL TO THE 


DIFFERENCE BETWEEN. THE MEASURED TOTAL VOLUME AND THE COMPUTED 
ViGiZOME SGI ws GE LDS > 


VV=V-VS 

E=VV/VS 

POROS=E/(1i1e+E)*1006 
VWATER=VWAT—-SWAT 

VAIR=VV-VWATER 

DISSOL=0-e02*VWATER 
WC=VWATER/SWS*1006 

SAT=WCXGS/E 

DRY DEN=GS%6204/(1e+E) 
TOTDEN=(GSt+SAT¥E/100¢) X62¢4/7 (1+ E) 


a er en ns a iv cay (ay SOO Sats SOT SD Ke SOS RS STRESS ED GOSS GOSY St EE OG mS Se Se Pl es RS Oe cee SW Oe ED OSE EE SS Se Se air nae Nk ae an es eee ae ee ae a ee Oe an ae ener ae ae a 


ee ee ee ee ee we ee ee ee ee ee en ea a a ee sew errr wl ow oe 


WRITE(6.5) DIA1LsHsAREA1s Ve VSsVVe VWATERe VAIRs DISSOL 
IL=1L4+3 | 

WRITE(6:6) WC+E.PUROS.SAT»CRYDENs TOTDEN 

IL=IL+41 

GO TO 501 


Pee Cr Tee aU AT fa 8 aT TP a eA 
COMPUTATIONS BASED ON FENRY'S LAW ANC BOYLES LAWe 
THE VOLUME OF WATER "GENERALLY" REMAINS CONSTANT AND. THE VOLUME 


OF AIR IS COMPRESSED. 
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DELTAV=—Le* CC FPOGRE+1447)/0PORE+14 67 J-106) ¥CLe-RSATZ1 00 6+ RSAT/1006*0 
1202)*RVV 

VOATR=VAIR-CELTAV 

IF (VOAIReLT20c¢0) VOAIR=0.0 
VWATER=V-VS-VCAIR 

VV=VWATER+VOAIR 

E=VV/VS 

POROS=F/ (Le tE)*1006 

OISSGL=0 -02*VWATER 
WCH=VWATERSWS*1006¢ 

SAT=WCXGS/E 

ORY DEN=GS*62e4/(16+£E) i 
TOTDEN=(GS+SAT*#*E/100¢€) *62 c4/ (Le +E) 


Vivi ei ciE VGEUME OR NEAGHSPHASE AND THE V@EUME-WEIGHT SOLE PROPERTIES 


a me me es me ee me a as ss ae eee ee 


WRITE (6:5) DIA1sHsAREALs Ve VSs VVs VWATERs VOAIR+DISSOL 
PRS EES 

WRITE(626) WCeExeFOROSsSATsCRYDENs TOTDEN 

IL=1C+1 

GOMUNOMSO1 


ee i a se ee mw we ee ee ee ee er ss = oe 


READ(S»10) COM 

FORMAT C20A4) 

WRITE (659034) 

PRTG SIS WP CC TOG ya Se aa ae 


IL=IL+1 
WRITE(6611) CCM 
FORMAT(10Xs20A4) 
Tisai tt 
CONTINUE 
WRITE(6,1021) 8 
FORMAT (1X9 t -----— - - -- ~~ + —~ ~ + = + wn 
LSXist eENDNOGRITEST 8s 2A4sA2+/1X% 3! = — 33S 3 
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16 


17 


1118 


1117 


603 


SUBRGUTINE PRESS(CELLPsBACKPsAIRPsPOREPs PORE sGACKs AREAIs IL) 
AREA2=AREA1ILZ2 54/2454 


SUSROUTINE FOR ANT EUS —CONSCEIOOMETER #17 7 


GeLtl=( (0.1 30966#CELLP-64 .7979) 7AREAZ) #13~689 

TELCELLPcEO.0 26) CELL=0.0 

CEC LM=CEEL 20.070 307 

AIR =4.23566*AIRP 40600997 

PECAIRE SEQ.0-.0) ATR=0.0 

ALTRM=ALR*O<. 070207 

CELL=CELL+AIR 

CELLN=CELLM+AIRM 

BACK= 46 22566*BACKP+00 C0997 

ie (CGAGKE66O.0-0) BACK=0.0 

BACKM=BACK*0 «070307 4 

PORE=3+-62158*FOREP—-0-01695 

TPECPGREP.EG.0.0) FORE=0.0 

POREM=PORE*0. 070307 ; 

IF(POREP.EQ-0-0) PORE=020 : 

POREM=PORE*06070307 

LEC CELL cE Qe0 00 ce ANDe BACK 0 EQ 00 e Oc ANDcAIRe EQ e000 eANDePORECEQ20.0) GO 
TO 116 

WRITE(6316) CELL, BACKsAIRs FORE 

FORMAT (19X+ "PRESSURES IN PSI ',4F8.3) 

WRITE (6017) CELLM»GACKMsAIRMs POREM 

SEGRMAICL Ske * PRESSURES IN KG/SQ<CMe (Ss4F6-3) 

TC=!L 42 

TECCEL Ls EOe 0 e Oc ANDe BACK eEO. 0.0 ANDsAIREQ 0060) GO TO 116 

PRUs. ~.0) GO TO 1116 . 

BISH=CELL--AIR a y 


- BISHM=CELLM-AIRM 


GOMER re 17 

BISH=0.0 

BISHM=0.0 

IF (BACK «EQe020 eANDe PORE CEQe020) GO TO 116 

EGG EGl—GELL— BACK 

ITF CBACK cE Qe 00 eANDAPORE*GT4020) EFFECT=CELL—PORE 
EFFECH¥=CELLM~BACKM 

IF CBACKM ec EQe 0c Oe AND ePCREM AGT 0000) EFFECM=CELLM—-POREM 


"JECAIR<«t.Te BACK) AIR=BACK 


SUC T= AI R-BACK 

IFCAIRMeLTeSACKM) AIRM=BACKM 

SUCTM=AIRM-EACKM 

I ECEFFECT «LT.0.0) EFFECT=060 

IFCEFFECM«LT.Q.0) EFFECM=020 

TECSUCT.LYT..0-0) SUCT=0.6 

IECSUCTMeLTs0-0) SUCTV=0-0 

IF(BISH.LT~.0-0) SISH=C-0 

IF(BISHMeLT<«0cO) BISHH=0e0 

WRITE(6,603) EFFECT, ©FFECMs SUCTs SUCTMs81SHsBISHM 


FORMAT (1X0 (SIGMA-UW) =* sF8e3s% FSI OR sf Beds" KSCM% 3Xe* (UA-UW)=5 
1eF8.35" PSI GR sF8e4s% KSCM%G BX" (CSIGMA-VUA)='»F8e3s" PSI OR'sF 804 


a> 


. 4IAG+9II39) 225R 
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~ im a 
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on END 
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D-5 Description of Input Data 

The input data cards have the same format apart from the 
first three cards of the test. The data for the first three cards is 
derived from the "SETUP AND DISMANTLING OF SAMPLE" form. The remain- 
ing data is tabulated on large, versatile data sheets prepared on the 
computer. Keypunch operators punch the data onto cards. 

The first card of any test is called the HEADING card and 


is filled in as follows: 


COLUMNS ITEM FORMAT 
1-20 Project Number A 

21-30 Sample Number A 

31-40 Apparatus Number A 


The second card of any test is called the DESCRIPTION OF 
SAMPLE CARD. The entire 80 columns can be filled with information 
about the sample (A-Format). 

The third card of any test is called the INITIAL VOLUME- 


WEIGHT DATA card and is filled in as follows: 


COLUMNS ITEM FORMAT 

1-10 Initial Sample Diameter (cm) F10.0 
11-20 Initial Sample Height (cm) F10.0 
21-30 Specific Gravity of Solids F10.0 
31-40 Weight of Soil Solids (gms) F10:0 


41-50 Initial Water Content (%) F10.0 
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Figure D.2 shows a typical "Setup and Dismantling of Sample" 
data sheet from which the information for the first three cards is 
extracted. 

The remaining cards are considered as GENERAL DATA cards. 
However, a comment card can be inserted anywhere in the deck by first 
inserting a card with a nine in column 1. Also, a blank card will 
STOP the execution of the program. 

The GENERAL DATA cards are essentially the same for all 
test apparatus. The only portions of the card that differ relate 
to the measurement of the total sample volume change and the diffused 
air volume readings. The GENERAL DATA cards for Triaxial Apparatus 


No. 2 are filled out as follows: 


COLUMN ITEM FORMAT 


1 IQ] I] 
2-3 MONTH 12 
4-5 DAY I2 
6-7 H@UR iz 
8-9 MINUTE Ve 

10-11 SECOND ie 

12-17 CELL Pressure (mv) F6.2 

18-23 Water Back Pressure on F6.2 
Board (mv) 

24-29 Air Pressure (mv) F6.2 


30-35 Water Pressure on cell (mv) F6.2 


. Sag 
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VOLUME CHANGE TEST 


(UNSATURATED SOIL) 


C1 ONE-DIMENSIONAL ([) FIXED RING A TRIAXIAL 
[J FLOATING RING 


SET UP AND DISMANTLING OF SAMPLE 


progect Nuuv Tes (20) SAMPLE _*Z77_(30) APPARATUS NO. Z (40) 


DESCRIPTION OF SAMPLE  Fure  Keolin prepared at 42. conpactive 
etfort (80) 





DATE Feb. 29 AZ 


AIR-ENTRY VALUE 23 Ger 


INITIAL DIAMETER [0.\© 3 AVE. /0./6 
‘INITIAL HEIGHT (6,270 aes C21b_ L215. 2715 AVE... Gov 
SPECIFIC GRAVITY Z.6/6 (0 FROM TEST a Eyres 


WATER ‘CONT EN ToS 
START 


TRIMMINGS SAMPLE Lees 
CONTAINER NO. SES ESE 
WI. CONTAINER + ae WET | SOUn w Geteg 
WI. CONTAINER + DRY ees 


WI. CONTAINER 

WEIGHT OF WATER a 

WEIGHT OF DRY SOIL | the op 

WATER CONTENT : 35.19 Sey =e 34.13 


DIA, [O16 (10) BIg G.3TA (20) Gs ZGIG (30) Ws G24:99 (40) W/O 35.15 (50) 











FINAL DIAMETER 10.08S_, !0.0Z20 _, \O©.: ee é AVE. |0.04-/ 
FINAL HEIGHT G22 | II Bo : : AVES (i225 
REMARKS Sample *2Z ken dow r 7/72 Pro ientatk: 

Insta [led and tested as Sainple #29. Later qested as San! ple. 3 | 


with a Compote mer laana’, » est: ended On Ppoale. as 


FIGURE D.2 TYPICAL "SETUP AND DISMANTLING OF 
SAMPLE" DATA SHEET 
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COMM 2 ITEM FORMAT. 
36-41 Water Volume Change Indi- 
cator (cc) F6.2 
42 1Q2 12 
43 1Q3 12 
44-49 Lateral Strain Indicator P63 
(volts) 
50-55 Lateral Indicator Correction F6.3 
(volts) 
56-61 Vertical Strain Indicator F6.3 
(volts) 
62-67 Vertical Indicator Correction F6.3 
(volts) 
68-73 Diffused Air Volume Indicator F6.3 
(cc) 
74-79 Back Pressure Applied to Air F6.3 


Indicator (mv) 


The coding forms (Figures D.3, D.4 and D.5) also show the 
input data format for Triaxial Apparatus No. 2, Triaxial Apparatus No. 
1 and the Oedometer Apparatus, respectively. Figure D.6 shows the 
listing for the program that writes out the data sheets for Triaxial 
Apparatus No. 2. The decimal points for each real number are generally 
keypunched. Therefore, the number jn each “box" is started in the 
column designated at the top of the coding sheets. 

Figure D.7 shows the manner in which the data was filled in 
at the start of testing Sample No. 27. The manner of completing the 
data sheet for several special cases is shown in Figure D.8. In the 


first case, the line with the final diffused air volume reading must 
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L “ON SALWUVddY WIXVIUL YO4 WHOS ONIGOD va FUNDTS 
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ERR HE KEKE KEKE EERE ERE EKER EEE KEE KERR EERE REE EK REE EKER EES 
PROGRAM TO WRITE DATA SHEFTS FOR TRIAXIAL APPARATUS NOe 2 
He RO ak FO et oe a Re ia ak eae ae 


00 100 N=1+3 
WRITE(601) 


1 FORMAT(1H1.100Xe*PAGE NOe © S10XK 9 © HEKRK KEK K KKH KKK KR eK 


1 RE REK SERRE KEREEE SS 1TOX 0 9 Ho 34Ke TH TD SIOK P% TIRYLTIAIX SILA ©& y 1S 
2SiT, EUS SLOK s 8H gy SAX a Ke gS1LOX go THEE EE KEKE ERR ERE ERK KKK KEKE HK KE 
Seeee? seeaeceePROgecT tty tte Pe PN 20) ts LO Xs SAMPLE TS 
4 (30)%,. 10Xe* APPARATUS __(40)%s7) 


ee ee ee ea at Go Sa Se ee 


ere nn cm ee a cr we a SS 


1 eer ee ce so ee ee a eg ee ee ee ee ee oe ee ee ee ee SR ee ee an ee ane ae a 


) 


WRITE( 6+ 3) 











3 FORMAT(1Xs #1] %o9Xo* TIME% 2 16Xe0 "| BOARD TRANSDUCER ° 
toe] CELL JBURRET | I |] T | LVDT READINGS JOIFFUSE 
2] REG‘ | 
10 9 Q | men nr rrr rrr | CELL | wATER | AIR | PORE 
SIGRBA0+Gi= 1 |. Oh eee Sa sae { AIR |PRESSe*/ 
A1Xe*1] MON [DATE | HRS | MIN | SEC | PRESS | PRESS | PRESS |] PRESS 
Ss |b CCC) ft2 {1 Bt 1) PUATs. 1 CORR-N | CAP }CORR-N | VOLe { %s 
To Xie tee, tL eae SS BL a BD, Be ae, Bee, | Seat Be Be us FF 
8. ew ia: Ses 3h tok Bh a ie ne Bee a: 
ee a) 

WRITE(6967) 

67 FORMAT(1Xe%1l 2 4 6 8 10 12 18 24 
1 30 36 42 43 44 50 56 62 68 7 
24°) 


DO 200 I=1+22 
DO 206 NN=1 +22 
206 WRITE(604) 
4 FORMAT (2X 08 [8 SX ot] te SXot [to SXot |e eSXot [te oSxXor fe ottl® }*)) 
200 WRITE(6226) 
26 FORMAT (1H+elXo® 
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100 CONTINUE 
STOP 
END 


FIGURE D.6 LISTING FOR PROGRAM 10 WRITE OUT 
DATA SHEETS FOR TRIAXIAL APPARATUS NO. 2 
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be preceeded by the integer 8. The remaining data on the card is the 
same aS the previous card containing the initial diffused air volume 
reading. The use of two data cards to record the diffused air volumes, 
is not necessary for the Oedometer tests. 

In the second case, the level of the water-kerosene interface 
is changed and a new zero reading is established. Column 42 designates 
the direction of water flow with respect to the sample. Column 43 
informs the computer to use the burret reading as the new starting 
value for water volume change computations. The remainder of the data 
card remains the same as the previous card. 

In the third case, the starting values for a new set of 
applied pressures are put equal to the last set of readings from the 
previous set of pressures. A 1 is placed in column 1 and the IQ2 
and IQ3 questions are answered appropriately. The sample volume cor- 
rections for the zero elapsed time (local) are the same as for the 
final readings at the previous pressures. The new corrections are 
applied for the 6 second reading. Also, the effect of instantaneous 
compression of the fluid in the base can be compensated for by re- 
peating the I1Q2 and IQ3 values at the 6 second burret reading. 

Every data card must have a time associated with each set 
of readings. The absence of time values sends the execution to 
ST@P. Essentially all other variables on the card can be considered 


aS optional. 
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D-6 Description of Output 
| A detailed analysis and printout is performed on each data 

card. In most cases, the detailed information is not required. How- 
ever, for research purposes the complete analysis proved useful. 

The first sheet of output for each test (Figure D.9) con- 
tains the interpretation of the questions (i.e. 1Q1, 1Q2, and 103)% 
the sign convention for deformations and the input initial volume- 
weight properties. Comment cards are written out whenever encountered 
in the data. 

Figure D.10 shows a typical sheet of output where a correction 
for volume of diffused air has been applied. 

On the final sheet of output, (Figure D.11) the final water 
content and volume measurements along with the transducer calibrations 


are inserted as comment cards. 


D-7 Sample Calculations 


The format for calculations can generally be deciphered by 
examining the computer program. This section contains some amplifica- 
tion of the total volume computations and the water volume computations. 

The total volume of the sample is computed from the initial 
volume and the measured volume changes. On ieeoxi et Apparatus No. 2, 
the lateral LVDT measures a change in diameter and the vertical LVDT 
measures the change in height. Corrections for compressibility are 


applied to both readings. 


The lateral displacement reading at any time (volts) is first 
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converted to cm and then multiplied by the mechanical lever arm ad- 

vantage (LATCAL). The change in diameter (DELDIA) is equal to: 
(Original Lateral Displacement - Present Lateral Displacement) - 
(Original Lateral Correction - Present Lateral Correction) 

The present diameter (DIA1) is equal to the original dia- 
meter minus the change in diameter (DELDIA). 

The change in height (VERT) is equal to: 

((Original Vertical Displacement - Present Vertical Displacement) 
(Original Vertical Correction - Present Vertical Correction) )*(-1) 

The present height (H) is equal to the original height (HO) 
minus the change in height (VERT). 

On Triaxial Apparatus No. 1, the calculations of the total 
volume are more complex (Figure D.12). The change in volume of the 
sample can be envisaged as the total of the lateral and vertical 
volume changes. However, the cross sectional area at any time (A. ) 
is unknown. Therefore, the vertical movement of the mercury (b) can 
be considered as a net volume change with reference to the cross- 
sectional area of the mercury. Two calibration factors are required. 
The calibration factor relating the volume change to the vertical 
movement of the cap is 80.958 cc per cm. The calibration factor re- 
lating the vertical movement of the mercury surface to the volume 


change described by the mercury surface is 87.409 cc per cm. 


Aug * b= Ac: c - Change in Sample Volume (TVOL) D.1 
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CAP ( VERTICAL ) 
ORIGINAL ELEVATION 


BALL ( LATERAL ) 
ORIGINAL ELEVATION 


FINAL ELEVATION 





As ~— AVERAGE CROSS-SECTIONAL AREA OF SOIL SAMPLE 
Ac — CROSS - SECTIONAL AREA OF LOADING CAP 
Aug — CROSS - SECTIONAL AREA OF THE MERCURY 


FIGURE D.12 VERTICAL AND LATERAL VOLUME CHANGE 
COMPUTATIONS FOR’ TRIAXIAL APPARATUS’ NO. | 
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or TV@L = Ac sc - Ac ° b eZ 


The present volume of the sample (V) is equal to the original 
volume (V@) minus the change in volume (TV@L). The present height 
(H) is equal to the original height (H@) minus the change in height 
(VERT). The present cross-sectional area (AREA]) is equal to the 
volume divided by the height. Now the present diameter can also be 
computed. 

In the oedometer test, the lateral volume change is zero and 
the total volume change is computed from the vertical movement of 
the load cap. 

The water volume change was computed in the same manner for 
all apparatus. In the program, water flowing into the sample is de- 
signated as negative and vice versa. On the data sheet, water flowing 
into the sample was designated as a 1 for I1Q2. A 1 in answer to I1Q3 
designates a new starting point for computing the water volume change. 
The volume changes from the intermediate eran points are added to- 
gether and designated as the subscripted variable SV@LW. The sum of 
the water volume changes from the last pressure change is SVWAT and from 
the start of the test is SWAT. 

The determination of the correction for the diffused air 
depends on a precise evaluation of pressure. The pressure on the 
diffused air in the indicator is equal to the applied back pressure 
plus the head difference between the exit tube and the air-water inter- 


face. Figure D.13 shows the detailed calculation of the air pressure 
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ELEX 


ape 


ELEX 
(DIFO + DIFF) /2 


LENGTH OF BURRET 


CALIB = NUMBER OF cC’S 


EXIT TUBE BURRET 
AIR BACKPRESSURE TO INDICATOR 
ATM = DIFRR + 14,7 


HEAD ON AIR IN TUBE IN CM OF WATER 
EXHEAD = (ELEX-(DIFO+DIFF) /2)* CALIB 


THE AIR VOLUME CHANGE IN INDICATOR 
ADIF = DIFO = DIFF 
THE CORRESPONDING CHANGE IN THE 
BASE OF THE CELL 


ADIFF = ( ADIF % EXHEAD * CONVER + ATM )/ 
(PORE + 14.7) 


WHERE CONVER = CONVERSION OF CM OF 
WATER TO PSI 


FIGURE D.13 COMPUTATIONS FOR THE DIFFUSED AIR VOLUME 
CORRECTION 
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and volume. The volume of diffused air (ADIF) is reduced to an equiva- 
lent volume in the base of the cell (ADIFF) by means of the gas law. 
The diffused air can always be visualized as a fictitious 
volume of water flowing out of the sample (Figure D.14). The water 
volume change indicator has recorded it as such and therefore the 
correction for diffused air must always be subtracted from the recorded 


water flow. 
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WATER VOLUME CHANGE 
INDICATOR SHOWING 


MOVEMENT OUT OF THE 
SAMPLE 






SOIL SAMPLE 


DIFFUSED AIR 


| . 
(WATER + AIR) #1. 


WATER VOLUME CHANGE 
INDICATOR SHOWING 
MOVEMENT INTO THE 


SAMPLE 
SOIL SAMPLE 


DIFFUSED AIR 


| (WATER + AIR) -1 


DIFFUSED AIR CORRECTION 





WATER GOING INTO 
SAMPLE 








VOLUME CHANGE 


WATER 





WATER COMING 


OUT OF SAMPLE 
DIFFUSED AIR CORRECTION 


FIGURE D.14 APPLICATION OF DIFFUSED AIR VOLUME CORRECTION 
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APPENDIX E 
PORE PRESSURE RESPONSE TESTS 
ON HIGH AIR ENTRY DISCS 






—s 


3 XIQM399R 
2T23T 320923 3AVZe3N9 3n09 
29210 YATH3 AIA HOIH MO 


t 


E-] 
E-2 
E-3 
E-4 
E-5 
E-6 
E=/ 
E-8 


E-9 


CONTENTS OF APPENDIX E 


General 

eevature Review 

Pore Pressure Response Theory 

Effect of Change in Volume of the Compartment 
Theoretical Response Relationships 

Experimental Pore Pressure Response Tests 
Comparison of Experimental Data with the Theory 
Relationship Between Stiffness Ratio and Compliance 
Factor 


Effect of Acetone on Pressure Response 


Page 
El 


El 
E3 
E8 
Be) 
Bes 
E44 


E48 


EST 





El 


PORE PRESSURE RESPONSE TESTS ON HIGH AIR ENTRY DISCS 


E-1 General 

The low permeability of the high air entry ceramic disc and 
the compressibility of the fluid in the base plate result in a finite 
time being required to measure a pressure response on the base plate 
transducer. Appendix E develops a theory to predict the pore pressure 
response and develops theoretical curves relating the dominant vari- 


ables. Test data are presented to verify the proposed theory. 


E-2 Literature Review 

Numerous research workers have attempted to incorporate the 
flexibility of the measuring system (compliance) into the analysis of 
pore pressure measurements. The research has been directed mainly 
toward the analysis of pore pressure measurements at the base of the 
sample in one-dimensional oedometers. 

Whitman, Richardson and Healy (1961) used an electrical 
analog model to simulate the flexibility of pore pressure measuring 
systems. They assume that the soil is saturated and there is no side 
friction. The flexibility of the measuring compartment is designated 
as lamda (XA), with units of in? per psi. The flexibility is combined 
with other factors affecting pore pressure response to form a stiff- 


ness ratio 
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E2 


where H = height of the sample 
yas compressibility of the soil 
A = cross-sectional area of the sample 


Earlier results obtained at MIT were reviewed but the corre- 
lations are not very convincing. 

Gibson (1963) examined the time lag in pore pressure response 
in an open standpipe and a closed system pore pressure measurement at 
the base of a clay layer. The time lag is related to permeability (k), 
compressibility of the soil (m_) and the flexibility of the measuring 


system (A). Their stiffness ratio can be written 


AcHem, 
ara r 


Reka ie 


which is the inverse of that used by Whitman et al (1961). The formu- 
lation and solution of the problem are analytical. 

Later research workers (Perloff, Nair and Smith, 1965; 
Northey and Thomas, 1965; and Christie, 1965) used the same definition 
of stiffness ratio and expanded the analytical solution to describe 
the distribution of pore pressure in a specimen during consolidation. 
Attempts to correlate the theory with laboratory tests have met with 
limited success. 

Previous studies (Christie, 1965) have assumed that the 
flexibility of the measuring system was comprised of such factors as 

(i) the compressibility of the fluid used to transmit the 


pore pressure, 
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BS) 
(ii) expansibility of the pipes and valves containing the fluid, 
(iii) expansibility of the system due to the deflection of the 
transducer diaphragm. 
All these factors have been combined linearly into one factor, 
A. The affect of the non linear behavior of entrapped air has not been 
considered. Whitman et al (1961) reported that they felt "even a 
modest amount of air in the measuring system will not introduce great 
error". Christie (1965) states that entrapped air "has the effect of 
increasing the flexibility of the measuring system by an unknown amount". 
In the present study, the compliance factor of the measuring 
system is kept separate from the effects due to the soil sample. The 
effect of entrapped air is given primary consideration. The porous 
discs under consideration in this investigation have a high air entry 
value and a low coefficient of permeability whereas previous investigators 


considered coarse, high permeability discs. 


E-3 Pore Pressure Response Theory 


The model used to characterize the reaction of the pressure 
transducer is shown in Figure E.1. Initially one valve on the base 
plate is left open and water seeps from the chamber through the high 
air entry disc under steady state conditions. When the valve is closed, 
the flow of water into the base plate causes a compression of the 
fluid, resulting in a build-up of pressure (as measured on the trans- 
ducer). The increase in pore pressure reduces the hydraulic gradient 
across the disc and lessens the inflow of water. Equilibrium is reached 


when the pressure in the base plate is equal to the pressure applied 
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a) 
to the water in the chamber. 

There are two possible sources of compressibility; namely, 
the air-water mixture in the base plate and the base plate compartment 
housing the mixture. The significance of the second factor depends on 
the rigidity of the base plate construction, thickness and method of 
mounting the ceramic disc, the deflection of the transducer membrane 
and volume change in the two base plate valves during the pressure 
build-up. All these factors tend to produce a final compartment in the 
base plate that is larger under pressure than its initial size. Com- 
pressibility resulting from an increase in the compartment size is 
initially assumed insignificant, meaning that the measured compressi- 
bility is due to the air-water mixture. The theory also assumes that 
no leakage occurs from the compartment. Leakage would be reflected as 
an increase in compressibility. 

Flow across the high air entry disc occurs as a result of a 


pressure head and is assumed to obey Darcy's Law. 


AQ = kiAt Eel 


where A = cross-sectional area of the disc (cm*) 
i = hydraulic gradient across the diet 
k = coefficient of permeability (cm/sec) 
t = elapsed time (sec) 


Since the gradient is continuously changing, equation E.1 can 


be written in a finite difference form. 





AQ = kei, *A+(t.-t.) E.2 


In this way, an average hydraulic gradient is assumed to 
apply for a short period of time. The hydraulic gradient is then re- 
computed for the next time period. The pressures involved are de- 


fined as follows: 


u. = pressure applied to the water in the chamber 

: initial pressure registered on the transducer 
prior to closing the valve on the base 

us = compartment pressure registered at time, t. 

u, = compartment pressure registered at a later time, t, 


The hydraulic gradient during the time period t. to > is 
defined as the difference between the chamber pressure and the average 
compartment pressure, divided by the thickness of the disc, d. 

(u-u.)  (u.-u.) _ 


lave — cn 2 E.3 


Rearranging 
(u.tu. ) 
, bas i ak 
‘ave Y. a y SEZ ee d E.4 


Substituting into equation E.2 


(u.tu.) 
a= BA y HE ot E.5 


E6 
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E7 
The compressibility of the air-water mixture in the compart- 


ment is defined as 


=|. AV. 
B Wes PAu 76 
where AV = the change in volume due to a pressure change (assumed 


equal to AQ) 

V = volume of the compartment in the base plate (i.e. 
volume of air and water) 

Au = the change in pressure over the time period that com- 


pressibility is being computed. 


In coupling the compressibility equation with Darcy's equation, 
the change in pressure corresponds to the time period t. to Ce There- 
fore, Au is equal to (us-u;). Rewriting the compressibility equation 


and solving for the change in volume gives 
AV = BeVe(u.-u;) EY 


Equating equations E.5 and E./ gives 


uU.tu. 
ms he ( ;) 
: C 
Serpe Meripeic i he E.8 
d-V he u; u. A ead 


Let the Compliance Factor of the system, n, be defined as 


vie Ved 
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The units of the compliance factor, n, are (cme/ky/sec) . 


Therefore, 
ek) 
eo ihiae 


In the laboratory, it iS possible to measure accurately the 
pressure development with time by means of the data acquisition system. 
By marching forward in time and substituting the values of pressure 
into equation E.9, it is possible to compute the compressibility of the 


mixture in the base plate compartment. 


E-4 Effect of Change in Volume of the Compartment 


If the compartment increases in size during the pressure 
build-up, part of the water flowing into the compartment is due to this 
increase in size. 

AV. = Final Compartment Volume - Initial Compartment Volume 

The total volume of water flowing into the compartment, AV, 
now has two components. One part, AV» represents the compression of 
the air-water mixture while the other part, AV» compensates for the 
increase in compartment size. The increased size is related linearly 


to the change in pressure. 


ote ee tied E.10 
AV Bat ku SU) 


where B. = an average compressibility for the components of com- 


pressibility in the compartment. 
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E9 
The volume change in the air-water mixture is the same as 
equation E./. The total volume, AV, can be equated to the water flow, 


AQ, to form the equation, 





Rearranging and solving for 8, gives 


a (ujtus) 
Bs, a Beey| gx | Conburathong bosnd-of E/12 
ey, Hue J pal C 


The difficulty in applying equation E.12 arises from the 
complex nature of So The compressibility is a combination of effects 
of several materials (i.e. stainless steel, rubber, ceramic) and may 
be non linear and time dependent in behavior. Due to the difficulty 
in evaluating the compressibility of the compartment, the laboratory 
data is first analysed by assuming that the compressibility is controlled 
by the air-water mixture. Then the effect and significance of the com- 


partment compressibility is discussed. 


E-5 Theoretical Response Relationships 


The compressibility of the air-water mixture can be evaluated 
from laboratory data since the compressibility is the only unknown in 
the equation. However, in attempting to predict the theoretical pore 
pressure response curve, the compressibility and time constitute two 
unknowns. Therefore, an additional physical relationship is required 


in the form of a constitutive relationship for the air-water mixture. 
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E10 

In this way, the compressibility is written in terms of the pore 
pressure and the percentage air in the compartment. 

Assume that initially the compartment contains a mixture of 
air and water, and with time pure water flows through the high entry 
disc, compressing the mixture. In other words, the amount of air in 
the compartment (by volume) decreases as the pore pressure builds up 
(Figure E.2). It is also assumed that no further air comes out of 
solution in the compartment and that the time involved is insufficient 
for the dissolving of free air. Computations based on a diffusivity 


: cm/sec show that the above assumption is certainly reason- 


of 2.x 10” 
able for elapsed times less than 10 minutes. This is later verified 
in section E-6 (Figure E.25). 

The compressibility is continuously changing as described 


for an immiscible air-water mixture (Chapter IT). 


The percent air is (1-S) and U, is the absolute compartment 
pressure. The assumption is made that the air pressure is equal to 
the water pressure. When compared with equation E.9 the pressure is 
equivalent to (u;+u;)/2. 

Equation E.3 is the proposed constitutive relationship 
for the air-water mixture in the compartment and is plotted in Figure 
E.13 for various percentages of air. The initial pressure in the air 


is taken as equal to atmospheric. 
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E13 
Starting with an assumed percentage of air in the compart- 
ment, the compressibility of the mixture at any other pressure, can be 
computed. To develop theoretical response curves, equation E.9 is re- 
arranged to solve for a change in time. 


Ben (u _-u.) 
tare C= AL = 


J 1 (u.tu.) 
"yen 
tegen 


Choosing various compliance factors and a pressure increment, 


E.14 


the increment of time is computed. The elapsed time is equal to 


Similarly, the average pressure response is 
u = (u;tu,)/2 | Ee t6 


Figure E.4 is a listing of a program written to compute the 
pore pressure response curves. Definitions of the variables used are 
as follows: 

C - compliance factor (cm@/kg/sec) 

DELU - pressure increment (psi) 

DELUM - pressure increment (kg/cm*) 

PAIR - initial percentage of air (%) 

AIR - ratio of the volume of air to the volume of the 


compartment (dimensionless) 
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errr rrTererrrrTT TTT eTeTITTeTtirrri titi tier iret rst Sekt Ee ele 
COMPLIANCE OF MEASURING SYSTEMS 
Perr rrrrrrTr TTT TTT TE TT CTT TT eet eet rte tier etter te eh ee Se hee cleel 
C=106 
DELU=1-0 
DELUM=DELU*0-0703 
DO LOOP TO INCREMENT *CCWFLIANCE® 
DO 101 J=154 
PAIR=0.02 
C=C¥10 6 
DO LOOP TO INCREMENT *PERCENT AIR® 
DO 102 K=1.3 
UC=50e 
TI1=0-0 
UI=2.-0 
PAIR=PAIR¥10¢ 
ALR=(PAIR/1000)¥1407/( 140 74UI40ELU/2 4) 
WRITE (6603) 


3 FORMAT(IH1e* THEORETICAL RESPONSE AND COMPRESSIBILITY RELATIONSHIP 


1S FOR FINE DISC MEASURING SYSTEMS*) 
WRITE(602) UC»DELUsC sPAIR 


2 FORMAT(1X%»s*CHAMBER PRESSURE =*,Fl00e32° PRESSURE INCREMENT =%e 


4 


102 
101 


1F1Oe3+° COMPLIANCE FACTOR =*,FIOele’® PERCENT AIR =% 2F1004/ 
DX g CORRE ERE EI RE RK AHN RE EERE ERA EERE EEE HERE EEE EEE EEE ESS 
Doe HO AE EHO RAR OK EAE EEE EEE EERE EERE EEE EES TERE EE 7) 
WRITE(6 24) 

FORMAT(SX ot TL oLOXs™ TI8 1 OXs *TAVE® 08% ot Ul ® 9 10Xo*UI" s 10Xs SUAVE® o BX» 
1*AIR*%»9Xe*BETAI*/) 

oG LocP TC INCREMENT *PRESSURE® 

00 100 I=1.48 

UJ=UI4DELU 

UAVE=(UI+UJ)726 

UIM=UI *0.070 3 

UIM=UJ*0-20703 

UAVEM=UAVE*0 00703 

BETA1=0 0000045%*(1.-AIR) +AIR/ (UAVEM#1 0033) 

DEL T=BETAL*C*DELU/ (UC-(UI+DELU/ 26 )) 

TI=TI+0ELT 

TAVE=(TI4TI)/2¢/606 

WRITE(601) Tle TJ e TAVE oUI eUJ SUAVE CATR eBETAL 

FORMAT (1X 06F12¢6s2E14%66) 

ALR=(PAIR/1000) €(16033)/( UIM41 00 334+DELUM/26) 

UI=UJS 

TI=TJ 

CONTINUE 

CONTINUE 

CONTINUE 

STOP 

END 


FIGURE E.4 PROGRAM TO COMPUTE THEORETICAL PORE 
PRESSURE RESPONSE CURVES ON MEASURING 
SYSTEMS USING HIGH AIR ENTRY POROUS DISCS 
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EM, 


causes a lateral shift in the response curve (Figure E.6). The “slope 
of the response curve" remains essentially constant as long as the 
initial percent air is greater than approximately one percent. Below 
one percent, the compressibility of the water becomes significant. 

The effect of the applied chamber pressure is examined by 
choosing a compliance of 10,000 and an initial air content of two 
percent (Figure E.7). The slope of the response curve decreases and 
the time required for pressure equilization across the ceramic disc 
increases as the applied chamber pressure decreases. 

The theoretical increase in compressibility with time is 
presented on a double logarithm plot of time and compressibility 
(Figure E.8). The curves exhibit a straight line portion, however, 
there is no new information gleaned from this plot. 

From the previous theoretical plots it appears that only 
two variables are required to describe the response curves. 

(i) The slope of the straight line portion of the response 
curve on a semi-logarithm plot and 
(ii) One point that can represent the lateral shift of the 
response curve. Any point between 40 and 80 percent 

could be used for correlation purposes; however, a more 

meaningful value is obtained by using the point of inter- 

section of the extended straight line portion of the re- 
sponse curve and the horizontal line of 100 percent response. 

This point is termed the “equilization time". Actually it 


represents approximately 94 percent response. 
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UC - applied chamber pressure (psi) 
TI - elapsed time at point i (seconds) 
TJ - elapsed time at point j (seconds) 


TAVE - average elapsed time (minutes) 


UI - pressure response at time T. (psi) 

Ud - pressure response at time T; (psi) 

UAVE - average pressure response at time Daas (psi) 
UIM - pressure response at time T. (kg/cm) 

UJM - pressure response at time 1; (kg/cm*) 


UAVEM - average response at time Ta ye(kg/em®) 
BETA] - compressibility of air water mixture in the 
compartment (cm2/kg) 


DELT - time increment from 1, to 1; (seconds ) 


Figure E.5 shows typical pressure response curves for com- 
pliance factors ranging from 100 to 100,000 for an initial air con- 
tent of 2 percent. The wide range of compliance factors arises from 
the variation in coefficient of permeability associated with 3 to 15 
bar air entry ceramic discs. The curves are plotted on a semi-log 
plot with respect to time and are S-shaped. The straight line portion 
starts at approximately 40 percent response and continues up to ap- 
proximately 80 percent. The slope of the straight portion (on the 
semi-log plot) is the same for all compliance factors. A changing 
compliance factor merely shifts the response curves laterally. 

Changing the initial percent air in the compartment changes 


the constitutive relationship for the air-water mixture. The change 
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The equilization time is dependent upon 
(i) the initial percentage of air 
(ii) the compliance factor of the system and 
(iii) the applied chamber pressure. 
Figure E.9 shows a plot of the logarithm of equilization time versus 
logarithm of compliance factor for an applied chamber pressure of 100 
psi. Lines of equal initial air content are linear on this plot and 
are spaced at a constant logarithmic scale except at the low percent 
air range (less than one percent). Similar theoretical plots can be 
developed for other chamber pressures. From these plots it is possible 
to estimate the equilization time for various percentages of air if 
the compliance factor is known. Later, this plot is used to compare 
the experimental results with the theoretical analysis. 

Attempts were made to put the variables involved in a di- 
mensionelss form. However, this appears to be of little advantage. 
The constitutive relationship can be put in dimensionless form by 
dividing the absolute pressures by the standard atmospheric pressure 
and dividing the compressibility by that of pure water. Plotting 
both variables gives a straight line ona double logarithm plot for 
initial air contents greater than one percent. The compressibility 
due to air content alone can be linearized over its entire range on 
the above plot. The pressure variable on the response curves can be 
made dimensionless by plotting the response as a percentage of the 
initially applied differential head. However, a family of curves is 


still obtained for various applied pressures. 
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E-6 Experimental Pore Pressure Response Tests 
Approximately twenty four pore pressure response tests were 
performed with a range of 
(i) ceramic disc thicknesses, 
(ii) air entry and permeability values, 
(iii) applied chamber pressures and 
(iv) air contents. 
The base plates were constructed for both aluminum and stainless steel. 
The data was reduced using the computer program on Figure E.10. The 
definition of the variables involved are as follows: 
HEAD - heading card used for identification (20A4) 
WDEN - density of water (kg/cm?) 
PERM - permeability of the ceramic disc (cm/sec) 
THICK - thickness of the ceramic disc (cm) 
UCAAM - applied chamber pressure (psi) 
VOLC - volume of the compartment (cc) 
HOURO - starting hour 
HOURJ - hour at any elapsed time 
MINO - starting minute 
MIN - minute at any elapsed time 
SECO - starting second 
SECU = second at any elapsed time 
POREI - starting compartment pressure (mv) 
POREJ - compartment pressure at any elapsed time (mv) 


UI - compartment pressure at point j (psi) 
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DOUBLE PRECISION PERM 

REAL MINOoMINJeo MIN 

DIMENSION HE40( 20) 

WOEN=0.001 

READ(Se15) HEAD 

FORMAT(20A4) 

WRITE (6023) HEAD 

FORMAT (5X220A4) 

READ(5e1) PERMs THICK» AREAsUCHAM >» VOLC 
FORMAT(F20.1204F1020) 

WRITE(6+20) 

FORMAT(1X%0° PERMEABILITY THICKNESS AREA 
AMBER VOLe CHe*) 
WRITE(6210)PERMs THICK se ARE As UCHAMs VOLC 
FORMAT(10X0E15e¢604F1265) 

READ(S22) HOUROs NINO» SECO»PORE!I 
FORMAT (3F2-0sF1000) 

WRITE(6021) 

FORMAT(1X»* T ELAPSED T AVEe UI f UJ 
AVEe BETA® ) 

WRITE(6022) 

FORMAT(1Xe° 


E24 


eas a eee ew me as cae nae pe errant I a A a ay eee ee 


peer 
WRITE (6011 )HOUROe MIKO eSECCePCREI 
FORMAT( 10X06 3F5009F 1205) 
TIMET=0-0 
UI=32631583*POREI-0-017 
CONS T=PERM#AREA/THICK/VOLC 
DO 100 1=1.100 
READ (S02) HOURJ»MINJ»SECJePOREJ 
IF (HOURJeEQe0-0) GO TO 101 
WRITE(6011)HOURJs MINJsSECJ+POREJ 
UJ=3263158*POREJ-0-017 
UAVE=(UI+UJ) 726 
HOUR= (HOURJ—HOURD) #60 6 
MIN=MINJ-MINO 
SEC= (SECJ-SECO) /4606 
TIME J=HOUR+MIN+SEC 
TAVE=(TIMEL4+TIMEJ)/26 
BET ASCONST#TUCHAM-(U1+UI 1/2.) *(TIMEI-TIMEWIF 6007 (UI Ul E7 ADEN 
WRITE(603) TIMEJsTAVE UIs UJ+UAVEs BETA 
FORMAT(SF12¢4sE1%e6) 
UL=U5 
TIMEI=TIMEJ 
stop 
END 


es 





FIGURE E.10 PROGRAM TO REDUCE DATA FROM PORE 
PRESSURE RESPONSE TESTS 
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Ud - 
UAVE - 


TIMEI - 
TIMEJ - 
TAVE - 
BETA - 
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compartment pressure at point j (psi) 

average compartment pressure between points i and 
j (psi) 

elapsed time to point i (minutes) 

elapsed time to point j (minutes) 

average time between points i and j (minutes) 
compressibility of the air water mixture in the 


compartment (cm*/kg) 


In order to compute the compliance factor of the measuring 


system it is necessary to measure the volume of the compartment in the 


base plate. Estimate of this value were obtained by saturating the 


compartment with water and opening the valves and blowing out the water 


with an air pressure. (Table E.1) 


TABLE E.1 


VOLUME OF COMPARTMENT IN PRESSURE MEASURING SYSTEMS 


nnn nn nee EU UE EE SEE REE EEE EIESS IEEE EER 


Apparatus No. Volume (cc) 
Triaxial #2 6.79 
Anteus Oedometer #177 4.20 
Anteus Oedometer #179 3.90 


Table E.2 summarized chronologically the classification de- 


tails for the response tests on the high air entry discs. The pressure 


response with time curves and the compressibility versus pressure curves 
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TABLE E.2 


SUMMARY OF RESPONSE TESTS ON CERAMIC DISCS 


ee ee ee ee eS See 


ec 


Air Applied Equalization Final Vol. 
Apparatus Date Entry Thickness Permeability Pressure Time of Air 
No. elves (cm) (cm/sec) (psi) (min) (cc) 
ar : 
Qed. #179 Cet ae ots 0.306 8.41 x 1079 77 5.4 ae 
Oed. #177 Oct. 27/71 15 0.306 6.82 x 1078 50 1.0 a= 
Qed. #179 Oct. 30/71 15 0.306 8.23 x 1079 76 6.6 sa 
Oed. #177 Oct. 30/71 15 0.306 VAG xeon" 5] 0.55 28 
Oed. #179 Nov. 17/71 15 0.306 7.16 x 1079 76 3.0 = 
Triaxial #2 Nov. 19/71 15 0.306 8.44 x 10-9 56.2 13.9 es 
Oed. #177 Dec. 1/71 5 0.622 1200x107! 80 0.80 a * 
Oed. #179 Dec. 17/71 15 0.622 7 .02°x 10-2 76 12.6 = 
Oed. #177 Jan. 5/72 5 0.622 1.02% 107 76 0.12 age 
Oed. #177 Jan. 7/72 5 0.622 1.25 x 1077 50 1.35 we 
Qed. #179 ies ee 15 omer sus Proax'ior9 50 32.5 0.77 
15:34 
Oed. #179 ie eure 15 0.622 7.02 x 1079 50 11.8 0.10 
16:19 
Triaxial #2 ae wig 5 0.622 1.03 xal0z! 52 1.41 0.15 
10:55 
Triaxial #2. Feb. 18/72 5 0.622 1.03 x 10°77 52 1.33 0.10 
11,303) 
Oed. #177 Be 18/72 5 0.622 8.36 x 1078 50 3.9 0.19 
9:15) cd 
Oed. #177 Feb. 18/72 5 0.622 8.36 x) 107° 50 2.75 0.16 
(9:28) $ 
Qed. #177 pet 22/72 5 0.622 113 cele 50 1.40 0.11 
9:15) . 
Oed. #177 i 22/72 5 0.622 1.13 x 1077 70 0.73 0.02 
9:42) 
Qed. #177 Feb. 22/72 5 0.622 Teigey 10s! 30 1.5 0.03 
(10:44) i 
ovat MAING Weenie 22772 B56 0.622 1.13 x 1077 50 a - 
(11:17) 
Qed. #177 Feb. 22/72 5 0.622 1.16 x 1077 50 0.46 0.13 
(13:10) 
Oed. #177 es ae 5 0.622 1.16 x 1077 50 0.42 0.01 
13:19 
Qed. #177 Feb. 22/72 5 0.622 1.16 xe107" 50 4.60 4.20 
(13:35) 


*Disc was cracked 
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Per 
for many of the tests are presented in Figures E.11 to E.24. Ina 
few cases, insufficient data were recorded and these have been omitted. 
Tests performed on the system with leaks are presented in Appendix B. 
Tests on discs treated with acetone are presented later in this 
Appendix. 

The pore pressure response curves show the characteristic 
shape predicted by the theory. All curves form continuous, smooth 
functions. The upper portion, approaching 100 percent recponse, is 
slightly slower in reaching 100 percent than the theory predicts. 

The pore pressure response curves could be reproduced with only a 
slight horizontal translation due to differing air contents (Figure 
ES2oye 

The compressibility versus pressure plots have the same 
shape as the theoretical curves up to a response of approximately 80 
percent. At this point the curves tend to bend to the right, indica- 
ting an increase in compressibility. Several factors may be involved 
in this phenomenon. With the increasing elapsed time, some air may 
be dissolved in the water. This is reflected as an increase in com- 
pressibility. Assuming a one-dimensional diffusion model with air 
overlying water, an estimate was made of the significance of diffusion 
(Figure E.25). Although diffusion shows the correct trend, it does 
not appear to completely account for the observed behavior. It is 
probable that a better agreement between the theoretical and measured 
compressibilities could be obtained if the actual geometric configu- 


ration of the air and water mixture in the compartment were known and 
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amenable to analysis. Minute volume changes associated with the seating 
of the components of the compartment (i.e. O-rings in the valves) may 
also be significant during the final stages of equilibrium. Any leakage 
from the compartment would also be expressed as a dramatic increase in 
compressibility. 

The equation used to compute the compressibility is sensitive 
to the initial, absolute, compartment pressure measurement (Figure 
E.23) and the applied pressure in the chamber. For example, a fictitious 
alteration of the applied chamber pressure can cause the upper portion 
of the compressibility curve to shift from the extreme right to a vertical 
position or even to the left (Figure E.18). 

If the coefficient of permeability were reduced at low hy-— 
draulic gradients, the described shift to the right can be explained. 
The only known reason for a decrease in the apparent coefficient of 
permeability is the presence of impurities in the ceramic disc. During 
the research program it was noted that the presence of n-Hexane in the 
disc produced a relatively high threshold gradient with respect to the 
passage of water. The interfacial tension between the n-Hexane and 
water appeared to cause a closure of the pores. It is possible that 
this type of effect could be produced on a much smaller scale as a 
result of impurities in the pore fluid. One set of permeability tests 
presented in Appendix B showed that the coefficient of permeability 


decreased slightly with a decrease in hydraulic gradient. 
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E-7 Comparison of Experimental Data with the Theory 

As previously stated, two variables are necessary to describe 
the response curves (i.e. slope of the response curve and equilization 
time). Since the slope of the response curve is dependent on only 
the applied chamber pressure, there is a unique relationship between 
these two variables (Figure E.26). The experimental results all lie 
close to the theoretical line, indicating good agreement. The moderate 
scatter is partly related to the difficulty in accurately measuring 
the slope of the response curve. However, other factors are likely 
involved. It should be noted that a couple of the tests were performed 
on discs with cracks. Also, the discs treated with acetone have similar 
slopes. Leaks from the compartment would tend to produce a shifting 
to the left; however this is not believed to be a factor in the results 
(Appendix ep ee 

The experimental and theoretical times for equilization (for 
an applied pressure of 50 psi) are compared on Figure Ec) ee 
equilization time is assumed fixed and can be plotted versus the 
measurement of either the initial amount of air or the compliance 
factor. The percent air is estimated either by flushing out the base 
plate and measuring the amount of air or from the computed compressi- 
bility versus pressure plot. The results indicate close agreement 
between the compliance factor and the percent air computed from the 
data. In three cases, the measured air content is too low. This indi- 
cates that all the air is not removed during the flushing process. 


Probably higher flushing pressures would have proven more satisfactory. 
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This observation does not limit the effectiveness of the flushing 
technique since it is the relative change in diffused air volume that 
is of importance. When performing tests on unsaturated soils it was 
observed that the amount of air flushed out depended to some extent 
on the pressure differential used for flushing. The present results 
indicate that the increased pressure was producing more thorough 
flushing. 

There also is the possibility that there was not as much air 
in the compartment as the theoretical computations insinuate. However, 
even if this is the case, the compressibility due to the volume change 
of the compartment must also be non linear and behave as an air-water 
mixture. In other words, either interpretation verifies that the 
assumed constitutive relationship is correct. Further verification 
of this point is presented in the direct compressibility measurements 
in Chapter V. 

The experimental data shows reasonable agreement with the 
theory for both the slope of the response curve and the equilization 
time. This lends credence to the assumed constitutive relationship 
for the air-water mixture. The effect of air and the difficulty of 
obtaining a completely saturated measuring system are clearly depicted. 
An assumption that the compressibility of the fluid in the measuring 
system is equal to that of pure water could not produce results similar 


to those presented. 
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E.8 Relationship Between Stiffness Ratio and Compliance Factor 

The volumetric compliance of the pore water measuring system 
was defined as } (the system volume change per unit pressure change) 
by Gibson (1963), Perloff, Nair and Smith (1965), Northey and Thomas 
(1965) and Christie (1965). The units used for the present comparison 
are metric (i.e. cc per kg/cm) . The volumetric compliance includes 
both the volume change of the fluid and the chamber; however, the 
present research indicated that the compressibility of the fluid is 
of prime importance. At least, the constitutive relationship to describe 
the total volumetric compliance is identical to that of an air-water 


mixture. The compressibility is defined as 


_ ind AV 


Bey At Bee. 
but AV/Au is equal to X. Therefore 
A= 6? V Esc 


The stiffness ratio used by previous research worker's is 


defined as 





The compliance factor defined in the present research is 
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deVey 
= E.20 
disc 
or by rearranging 
A d 
ica Ba 
v Yw C Kise 


Substituting equations E.18 and E.21 into A.19 and rearranging 


gives 
ae Hoot md oes 
Cy BCsKa icc 
Define C, as Heka/cy and C., as d/(6*C*k.. 0). 


The stiffness ratio is therefore composed of two parts; the 
compliance of the soil (C,) and the compliance of the measuring system 
(co 

Using this modified definition of stiffness Vatioult 1s 
possible to again examine the pore pressure response at the base and 
the distribution throughout a sample in the oedometer (single-drainage). 


The pore pressure for a saturated soil is governed by the differentia! 


equation 
0 WU leou 
G oe ser ras) 
Vigye at 
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The compliance of the measuring system necessitates the 
flow of some water into the system in order to register a response. 
The quantity per unit time is 

on Ae 
Qanb Neosat E.24 
where du/st is the rate of pressure change in the system. The flow 


out of the soil sample at the base is in accordance with Darcy's Law. 





a enk Aepes olay) E.25 


The solution to equation E.26 is the same at that presented 
by Carslaw and Jaeger (1956) for heat conduction through a flat plate 
in contact with a well-stirred liquid. 

C : 
(A tn /A,)sin Aran Ax -A “T 


7D “sin (=) e if E.26 
] (A, +n +n) sin A, 


where Uy = jnitial uniform pore pressure 
Hek_. 
a. Soil ee ; the stiffness ratio 
V disc 
A, = positive roots of An tan A, = 
e = base of natural logarithm 
cyt 
mae dimensionless time factor. 
H 


Equation E.26 must be solved by an iterative process since n 


involves a pore pressure term in the compressibility variable, 86. 
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Time will not be expended at present to solve equation E.2/. 


E-9 Effect of Acetone on Pressure Response 


The 5 bar, ceramic disc on the Anteus Oedometer #177 was 
cleaned by flushing with acetone for approximately one day. Then 
the disc was rinsed with distilled, de-aired water for about one day. 
Several response tests were then performed (Figures E.28 and bag) e 
The results indicate that the slopes of the response curves were approxi- 
mately what the theory would predict. However, the equilization time 
is several times faster than that predicted by the theory. Using the 
previously proposed theory, the compressibility of the measuring system 
fluid must be in the order of magnitude of that of pure water. Even 
in the case where all the water was removed from the measuring system, 
(Figure E.29) the computed compressibility corresponds to an initial 
air content of 0.08 percent. 

The plot of equilization time versus compliance factor shows 
the extreme scatter in the data (Figure E.30). It should also be noted 
that no changing of the various constants involved in the computations 
can produce curves that fit the theory. This shows that the previous 
theory does not explain the observed phenomena. 

The reason for the rapid response is believed related to the 
high vapor pressure of the acetone (approximately 7 psi) and the re- 


action that occurs when acetone and water are mixed. The acetone in 
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ESS 
the acetone-water mixture vaporizes almost immediately when subjected 
to a drop in pressure. The result is a rapid buildup of pressure. 
The rapid response (eg. 0.44 minutes as compared to 1.5 minutes) 
suggests interesting possibilities for measuring the pore pressure 


response of a soil sample. 
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APPENDIX F 
VOLUME CHANGE DATA ON 
UNSATURATED SOILS 
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VOLUME CHANGE DATA ON UNSATURATED SOILS 


F-1 General 

Volume change tests were performed on two principle soil 
types; a highly plastic clay and commercial kaolin. The highly plastic 
clay was natural, undisturbed samples from Lake Regina (Appendix A). 
The kaolin samples were prepared by wetting to various water contents 
and artifically compacting the samples. 

The volume change program was not laid down as a fixed set 
of tests since the object of much of the testing was to ensure the 


proper functioning of the equipment. The assurance of the proper and 


accurate performance of the equipment was felt to be of utmost importance. 


As a result of the flexible testing program, the data in Appendix F are 
used for several purposes throughout the thesis. Some examples are; 
(i) the direction of volumetric deformation analysis 
(i1) the analysis of hysteresis 
(iii) the evaluation of the uniqueness of the constitutive 
surface at a point 
(iv) the exploration of the entire constitutive surface 
(v) the analysis of the performance of the equipment 


(vi) the analysis of rate processes. 


The test results are presented in three sections. 
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F2 
Section I (Directions of Deformation and Hysteresis) 


The first five tests (D-] to D-5) show typical volumetric 
deformations resulting from changing various stress components. Four 
tests (D-6 to D-9) show the volumetric deformation hysteresis result- 
ing from increasing and decreasing the water pressure. Tests D-9 to 
D-14 show the volumetric deformation hysteresis resulting from increas- 


ing and decreasing air pressure. 


Section II (Uniqueness of the Constitutive Surface at a Point) 
Four samples were tested by alternately varying the total, 
air and water pressures. A total of 32 tests or increments were per- 


formed (C-1 to C-32). 


Section III (Exploration of the Constitutive Surface) 

Four tests were performed to explore uniqueness of the con- 
stitutive surface. A large number of tests would be required to 
check various stress state variable change combinations. The time-con- 
suming nature of the tests prohibited such a program. Two additional 
tests were performed on a conventional one-dimensional oedometer. 

The main problems associated with the tests revolve about 
the accurate measurement of the water volume change. The water volume 
change can be in error due to a lack of or a fauity measurement of 
diffused air. Over periods of time greater than a few days, the dif- 
fused air volume measurements are imperative. The diffused air volume 
indicators were installed on all apparatus about the first of October 


1971. Tests prior to this date do not have corrections applied for 
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the diffusion of air. 

The water volume change measurements were later found to also 
be appreciably affected by water loss from the samples. In the case 
of Triaxial Apparatus #2, there was a water loss due to moisture migra- 
tion through the rubber membrane. This was not remedied until March 
10, 1972. Triaxial Apparatus #1 die not appear to undergo losses of 
moisture even over long time periods. Modified Oedometers #177 and 
#179 had a problem of moisture loss from the chamber. It was originally 
anticipated that the chambers would quickly attain a relative humidity 
equal to that of the sample and remain constant. However, it appeared 
that moisture was lost by leakage from the chamber. To overcome this 
loss, the lucite-walled cells were replaced with stainless steel sleeves, 
and water was placed at the bottom of the reservoir saturation chamber. 
Checks were also made to ensure against air loss from the chamber. 
These remedies were put into affect in approximately March, 1972 and 


have essentially eliminated losses. 


SECTION I 


F-2 Directions of Deformation and Hysteresis 
F-2.1 General 


The tables at the start of Section I summarize data pertinent 
to the interpretation of the test results. The tables are as follows : 
Table F.1 Summary of Soil Properties on Sena tes Taseed to 
Assess the Directions of Deformation and Hysteresis 
Table F.2 Summary of Tests to Evaluate the Directions of Defor- 


mation and Hysteresis 


















i po > 
. : TFS 


16.75 
ae 
1 bale bnvot Tats! ssw 23nome 259m SpnBio anit o3% 
| 


: > - “ — aad 
I eb) INI NL  .esignbe Sny mov? 2201 Wsisw yd beds +6 


7 é  S 
tm stutefom oF sub 220f wsisw s 26w si1she .S¥ ut 6Y5C 
a 


g> 
= 6 ¥ 
ifinw betbamey ton 2sw etdT ‘lansydmemt Yoddut $f 


a 


OpTsonu OF WsSqgs Jon sth TH eussi6sqgh Taree 
4 


16 \\T% evstemobe0 betttboM .z2bot1sq Smt" pnol yave 
At 


vifentorvo esw tI ,1edmedo st mov? 2zof sweetom to mate 
y 
bimud svtisfoer 'sjt6 yfAotup bluow eredmsdo odd Jen 
2 
[ ,1svawoH .tnsteno> ntsmey bas sfqmse od 7 
> ‘ 
2rd ) m6no sat movt spsjeet yd seo! sau 
a, 
| lost2 2esintste dttw besslfasy evew effeo bel fons “Sof 
| 
{ an i ‘ > 


| -vedmsi2 notseiusse +hovisesy sit to modtod oft Fs bese 


{ efestete2yH bas nots emo! 20 0 jo. 


Pe teste »y 

1 | , ; v : = wit sp 
> 6 

; Snantd-v9q ssh extrenmye see ste 36 200d 

i} » in i: 7 dail il Pinch 
: ewoffor 26 steele dead ot to ne 
= ria. - >= mM > _ ‘ 
7 a _ eT. ’ 





F4 
Table F.3 Volume-Weight Relationship of Samples Tested to 
Evaluate the naan ane of Deformation and Hysteresis 
Table F.4 Summary of Pressure Changes for Tests to Evaluate 


the Directions of Deformation and Hysteresis. 


F-2.2 Discussion of the Test Data 

The test results are presented in the form of volumetric 
deformations of the soil structure and water phase versus the logarithm 
of time. The data are interpreted when used in the body of the thesis 
and the discussion in the Appendix primarily draws attention to limit- 
ations in the testing techniques. 
Test D-1 - Apparently there was initially a lack of continuity of the 
water phase through the ceramic disc. This was either due to cavitation 
or simply an excess of free air in the base plate. The base plate had 
not been flushed at the start of the test. The deformation processes 
appear to start at the time of flushing. 
Test D-2 - The upward bend near the end of the water phase deformation 
curve is related to the loss of water from the sample. 
Test D-3 - The discontinuous upward jump in the water phase deforma- 
tion curve is related to a loss of water from the sample. The moisture 
moves from the chamber either by leakage of air or diffusion of water 
through the lucite chamber wall. 
Test D-4 - Again moisture is lost from the sample after approximately 
400 minutes. The increased degree of saturation beyond 400 minutes 
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Test D-5 - Moisture lost from the sample after approximately 200 minutes 
becomes dominant with respect to the water phase deformation curve. 
Test D-6 - There appears to be a small amount of moisture loss from 

the sample after one day. The apparatus appears to have been slightly 
disturbed at 2900 minutes. 

Test D-7 - The moisture loss from the sample after one day is now be- 
coming of significance. The moisture loss has increased from Test D-6, 
although the air pressure has remained the same. 

Test D-8 - The moisture loss has continued to increase with time. It 
becomes the dominent feature of the water deformation curve after 500 
minutes. After 4500 minutes it appears that approximately 0.61 cc of 
water has been lost. 

Test D-9 - There was a faulty measurement of diffused air at an elapsed 
time of 110 minutes. Once again the moisture losses from the sample 
are excessive. 

Test D-10 - No known testing technique limitations. 

Test D-11 - No known testing technique limitations. 

Test D-12 - The triaxial cell was heavily jarred at 38 minutes. Apart 
from that the data is satisfactory. 

Test D-13 - There was a substantial diffused air correction at 1400 
minutes. This may have been somewhat excessive. Also, there is 
evidence of some loss of moisture through the triaxial membrane. 


Test D-14 - The final water volume reading indicates some loss of water 


through the rubber membrane. 
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SECTION II 


F-3 Uniqueness of the Constitutive Surface at a Point 
F-3.1 Discussion of the Test Data 

The tests to verify the uniqueness of the constitutive surface 
at a point involved small stress changes (10 psi) independently applied 
to the total, air and water components. The small stress changes were 
necessary to keep the deviations from the original stress State to a 
minimum. However, the small stress changes do not produce the con- 
ventionally-shaped deformation versus logarithm of time plots. Three 
of the four samples tested were on Regina clay which has extreme 
secondary swelling and compression characteristics. In most cases, 
jt was impossible to wait until complete equilibrium had occurred. 
Therefore, a practical time limit was chosen for the length of each 
process. 

The data pertinent to each deformation process is presented 
in a manner similar to Section I. Table F.9 summarizes the tests 
performed; Table F./ summarizes the volume-weight relationships and 
Table F.8 summarizes the pressure changes applied to the sample. The 
test technique limitations associated with each test are as follows: 
SAMPLE #15A 
Test C-1 - No correction was applied for the initial compression of 
the water phase. The starting point of the water phase deformation 
should be approximately 0.45 percent. There is the possibility of 
some water loss from the sample with time but the amount is difficult 


to assess. It would appear to be small for this pressure increment. 
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F25 
Test C-2 - The air pressure decrement was applied for only one day and 


it is difficult to evaluate the water phase deformation for longer 
periods. 
Test C-3 - There may be some loss of water from the sample after one 
day but the amount is difficult to quantify. 
Test C-4 - The correction for the initial compression of the water in 
the base plate was not applied but should be approximately 0.36 per- 
cent. Some water appears to be lost from the sample over the long 
periods of time. 
Test C-5 - Some water may be lost from the sample after one day. 
Test C-6 - The diffused air was not flushed from the base plate prior 
to starting the test. Therefore the correction at 8 minutes applies 
primarily to test C-5. Some moisture may be lost from the sample 
after one day. 
SAMPLE #16 

No moisture should be lost from the sample due to the sur- 
rounding mercury. These tests give a better indication of the water 
phase deformation behavior than the tests performed in the oedometers. 
Test C-7 - There are no known test technique limitations. 
Test C-8 - The total sample volume decrease reading at 4300 minutes 
may be slightly excessive. However, there appears to be some secondary 
swelling at times beyond 5000 minutes. 
Test C-9 - There are no known test technique limitations. 
Test C-10 - There are no known test technique limitations. However, 


it is obvious that the water intake of the sample is not complete even 
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after 15,000 minutes. 


Test C-11 - The water intake is incomplete even after 20,000 minutes. 
The first volume change readings on the overall sample at times less 
than 15 minutes may be too high. 
Test C-12 - There are no known testing technique limitations. 
Test C-13 - There was a total volume increase of 0.1 percent. The 
reliability of this value is uncertain. The process in both the 
soil structure and the water phase is incomplete after 15,000 minutes. 
SAMPLE #17 

Sample #17 was tested in Oedometer #179. The amount of 
moisture lost from the sample during each process is somewhat uncertain. 
Test C-14 - Apart from possible losses of moisture from the sample, 
there are no known testing technique limitations. 
Test C-15 - The upward trend near the end of the test indicates a 
dominant secondary swelling effect. 
Test C-16 - There appears to be some loss of moisture from the sample. 
Test C-17 - There is no known testing technique limitations. 
SAMPLE #21 

Sample #21 was tested in Triaxial Apparatus #2. The loss 
of moisture from the sample appears to be insignificant. 
Test C-18 - The sample may not have been completely at equilibrium 
prior to the start of the test. This is revealed in terms of slight 
secondary compression effects after 3000 minutes. 


Test C-19 - There is some doubt as to the reliability of this test. 
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ad 
The slight total volume increase may not be indicative of any measur- 
able volume change. The slight water volume decrease after one day 
appears to be in the wrong direction and is probably not of signifi- 
cance. There may have been cavitation of the water at the base stone. 
Test C-20 - The test results are reasonable but the process should 
have continued for a longer period of time. 
Test C-21 - There are no known testing technique limitations. The 
shapes of the deformation curves after one day indicate that the 
rupture of meniscii in the sample may have produced an overal| sample 


increase and the expulsion of some water. 


Test C-22 - The total sample deformation result at 75 minutes is in 
doubt. 

Test C-23 - There are no known testing technique limitations. 

Test C-24 - There are no known testing technique limitations. 

Test C-25 - The final total sample volumetric deformation may be too 
large. 

Test C-26 - There are no known testing technique limitations. 

Test C-27 - There are no known testing technique limitations. 

Test C-28 - The processes are not quite complete. 

Test C-29 - There are no known testing technique limitations. 

Test C-30 - There are no known testing technique limitations. 


Test C-3] - There are no known testing technique limitations. 


Test C-32 - There are no known testing technique limitations. 
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SECTION III 


F-4 Exploration of the Constitutive Surface 


F-4.1 Discussion of the Test Results 

The tests that explore the constitutive surface adopt larger 
stress changes and are concerned only with equilibrium conditions. 

The constitutive surface is mapped by changing one of the stress state 
variables by an amount corresponding to a load increment ratio of 
approximately one. All tests were performed on Regina Clay. 

Two tests (#33 and #34) were performed under Ko conditions 
in the modified Anteus oedometers. All known precautions were taken 
to ensure against water loss. The samples were first allowed to 
come to equilibrium and then the suction was reduced in increments. 
When the suction became small, the total stress was reduced. Similar 
isotropic loading tests (#32 and #35) were performed in the triaxial 
cells. 

Two conventional constant volume swell pressure tests (#18 
and #23) were performed in one-dimensional oedometers where only the 
total stress was controlled. The results are summarized in the fol- 
lowing tables. Table F.9 summarizes the soil properties; Table F.10 
summarizes the tests performed; Table F.11 summarizes the volume- 
weight relationships and Table F.12 summarizes the pressure changes. 
Table F.13 summarizes the pressure changes and volume-weight relation- 
ships for sample #18 and #23. The void ratio versus effective stress 


plot for sample #18 as well as several typical volumetric deformation 


plots are also shown. 
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